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Prologue 
“If memories are the bookmarks in your 
life story, how have your memories 
shaped you?”
at Art Gallery of Ontario, AGO, Toronto, CA 
I was  not  10  yet when  Science  struck my  life  ‐  and  the  life  of my  dearest  ones  ‐  like  a 
lightning bolt.  I  remember people mentioning words  like  cancer or Alzheimer, and  though  I 
could  not  comprehend  their  meaning,  I  felt  those  words  came  always  accompanied  by 
suffering and great loss. Puzzled but not dismayed, I became determined to put all my efforts 
and forward my interest in Science in search for answers. 
At school, I was particularly fond of biology and chemistry. I  loved being at the  laboratory 
doing all that make‐believe experiments that, most of the times, didn’t end up as they were 
supposed to. It was only when I joined college that I truly understand the meaning of Science. 
In  2003,  I  started  my  Microbiology  Degree  at  Escola  Superior  de  Biotecnologia,  of  the 
Universidade Católica Portuguesa. Here, I was given the chance to gain knowledge of different 
subjects such as microbiology, biochemistry, genetics, virology, among others. I was impressed 
by  the  complexity  of  each  theme. Most  importantly,  it was  a  fundamental  experience  that 
allowed me to get acquainted with varied experimental techniques and acquire the necessary 
lab skills and expertise. Following my degree, I was determined to acquire a deeper knowledge 
of health science, and this led me to Sciences Faculty of the University of Porto, where I took a 
master  course  in  Biochemistry.  Throughout  my  master  degree,  I  developed  a  particular 
interest  for  Neurosciences,  hence  I  ended  up  elaborating  my  thesis  in  the  group  of  Prof. 
Francisco Cruz, at the Faculty of Medicine of the University of Porto. Back then, in 2008, I knew 
little about neurotrophins and their role in the micturition reflex. However, I was thrilled with 
the opportunity to embrace and participate in such a good project. After the conclusion of my 
master degree in Biochemistry, I decided to pursue my research on understanding the effects 
of neurotrophins in the development of bladder dysfunction and visceral pain as my PhD thesis 
subject. Looking back in time, it is impossible not to be grateful to the people who supported 
me and helped me fulfilling this work in every way possible. 
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As neurotrofinas são uma família de fatores de crescimento. Estas proteínas desempenham 
um  papel  importante  durante  o  desenvolvimento  e  na  idade  adulta  na  regulação  da 
sobrevivência, crescimento neuronal, plasticidade sináptica e neuroprotecção das populações 
neuronais dos sistemas nervoso central e periférico. Neste estudo,  investigou‐se o papel das 
neurotrofinas Factor de Crescimento Nervoso  (NGF, do  inglês Nerve Growth Factor) e Factor 
Neurotrófico Derivado do Cérebro (BDNF, do inglês Brain Derived Neurotrophic Factor) na dor 
visceral  e  hiperactividade  vesical  associadas  à  cistite,  bem  como  o  papel  do  BDNF  na 
hiperactividade neurogénica do detrusor (NDO, do inglês Neurogenic Detrusor Overactivity). 
Os  dois  primeiros  estudos  avaliaram  o  papel  do  BDNF  como  mediador  dos  estímulos 
sensitivos  nóxicos  produzido  pela  bexiga  e  da  hiperactividade  vesical,  usando  um  modelo 
animal de cistite  induzida com ciclofosfamida. A administração  intratecal de BDNF a animais 
intactos causou dor referida no abdómen e na pata, bem como um aumento da frequência das 
contrações reflexas da bexiga imediatamente após injeção. Os efeitos agudos da administração 
intratecal  de  BDNF  na  função  vesical  e  sensibilidade  cutânea  foram  de  curta  duração. 
Curiosamente,  o  tratamento  crónico  com  BDNF  provocou  hipersensibilidade  cutânea  sem 
qualquer  efeito  na  função  miccional,  evidenciando  assim  a  importância  da  componente 
inflamatória para o desenvolvimento disfunção vesical associada à  inflamação da bexiga. Nos 
ratos com cistite induzida com ciclofosfamida, os níveis de BDNF estavam aumentados quer na 
bexiga  quer  na  medula  espinhal.  Estes  animais  apresentavam  hipersensibilidade  cutânea  e 
hiperactividade vesical. A administração intratecal e intravenosa de TrkB‐Ig2, um sequestrante 
de BDNF,  reduziu  significativamente a dor  referida e a disfunção miccional. Estas alterações 
foram  acompanhadas  por  um  decréscimo  da  expressão  espinhal  de  c‐Fos  e  da  forma 
fosforilada da proteína ERK. Apesar disso, não houve redução da inflamação da bexiga, o que 
sugere  que  o BDNF  produzido  na  periferia  não  participa  na  inflamação  (publicação  II  e  III). 
(Pinto  and  Frias  et  al.  2010.  Neuroscience,  166:907‐916;  Frias  et  al.  2013.  Neuroscience, 
234:88‐102). 
O terceiro estudo focou‐se na contribuição do BDNF para o estabelecimento e manutenção 
NDO.  Os  dados  obtidos  mostraram  que  o  aparecimento  da  hiperactividade  vesical  foi 
acompanhado por um aumento dos níveis de BDNF ao  longo do tempo, maioritariamente na 
lâmina  I  e  II  do  corno  dorsal  da  medula  espinhal.  A  sequestração  de  BDNF,  iniciada 
imediatamente  após  lesão da medula  espinhal,  induziu o  estabelecimento  precoce  de NDO 
juntamente com o aumento da capacidade de crescimento dos neurónios ganglionares da raiz 
dorsal. Estes dados indicam que o BDNF terá um papel protetor na função vesical em casos de 
lesão  da  medula  espinhal.  Para  confirmar  esta  hipótese,  foi  administrado  BDNF  por  via 
intratecal  a  animais  com  lesão  medular,  tendo  o  tratamento  se  iniciado  logo  após  lesão. 
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Registou‐se  uma  melhoria  da  função  miccional  após  quatro  semanas  de  administração  de 
BDNF. Em ratos espinalizados com NDO crónica, a sequestração de BDNF reduziu a disfunção 
vesical, evidenciado pela redução da frequência e amplitude da atividade reflexa da bexiga. Tal 
sugere que o BDNF pode  ter diferentes  intervenções durante a progressão da doença. Estes 
resultados  implicam  marcadamente  esta  neurotrofina  como  regulador  do  aparecimento  e 
manutenção  da  NDO.  Assim,  o  BDNF  poderá  ser  um  alvo  terapêutico  atrativo  para  ser 
manipulado nos diferentes estadios da NDO (publicação IV). (Frias et al., submitted). 
O último estudo avaliou o papel do TRPV1 (do inglês, Transient receptor potencial vanilloid 
1) nos efeitos excitatórios provocados pela administração crónica de NGF na atividade reflexa
da  bexiga  e  de  estímulos  sensitivos. Os  resultados  obtidos mostraram  que  a  administração 
crónica de NGF induziu hiperactividade da bexiga e hipersensibilidade a estímulos térmicos em 
animais  WT  (do  inglês,  Wild‐Type).  Os  ratinhos  TRPV1  KO  (do  inglês,  Knock‐out)  não 
apresentaram  qualquer  alteração,  quer  a  nível  da  função  miccional  quer  na  sensibilidade 
cutânea. Estes resultados indicam que o recetor TRPV1 é essencial para os efeitos produzidos 
pela  administração  de  NGF  na  função  vesical  e  sensibilidade  cutânea.  Em  suma,  estes 
resultados  indicam que a  interação entre o NGF e o TRPV1, que se sabe ser essencial para o 
desenvolvimento da dor somática, também é importante para a regulação da função vesical e 
dor  visceral. Assim,  o  recetor  TRPV1  é  um  elemento  crucial  no  aparecimento  da  disfunção 
vesical em patologias associadas a uma  sobre‐expressão de NGF  (publicação V).  (Frias et al. 
2012. BJU Int, 110:E422‐E428).   
24
Summary and Conclusions 
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Neurotrophins (NTs) are a family of growth factors characterized for their important roles 
on  survival,  neurite  outgrowth,  synaptic  plasticity  and  neuroprotection  of  neuronal 
populations from central and peripheral nervous systems during development and adulthood. 
In  this  study,  we  focused  our  research  on  Nerve  Growth  Factor  (NGF)  and  Brain  Derived 
Neurotrophic Factor (BDNF) actions and we investigated their contribution in the regulation of 
bladder reflex activity as well as their role in visceral pain. We used animal models of chronic 
bladder inflammation and spinal cord injury. 
The  first  two studies addressed the effects of BDNF as a mediator of bladder‐generated 
noxious  input  and  bladder  overactivity  using  an  animal  model  of  CYP‐induced  cystitis. 
Intrathecal administration of BDNF to intact animals caused pain and increased the frequency 
of  bladder  reflex  contractions  immediately  after  injection.  The  acute  effects  of  intrathecal 
administration of BDNF  for bladder  function and pain were short‐lived.  Interestingly, chronic 
BDNF treatment caused cutaneous hypersensitivity without affect bladder function, stressing 
the  importance  of  the  inflammatory  component  in  inflammation‐dependent  bladder 
dysfunction. In rats with CYP‐induced cystitis, BDNF was upregulated both in the bladder as in 
the spinal cord. These animals presented cutaneous hypersensitivity and bladder hyperactivity. 
Intrathecal and  intravenous delivery of TrkB‐Ig2  significantly  reduced  the behavioral  signs of 
pain and bladder dysfunction. This was accompanied by a decrease in the spinal expression of 
c‐Fos and phosphoERK. Because no reduction of inflammatory signs was observed, it is unlikely 
that peripheral BDNF participates  in  inflammation (publications  II and  III). (Pinto and Frias et 
al. 2010. Neuroscience, 166:907‐916; Frias et al. 2013. Neuroscience, 234:88‐102). 
The third study focused on the putative contribution of BDNF for the establishment and 
maintenance of neurogenic detrusor overactivity  (NDO). The data obtained showed  that  the 
emergence of bladder hyperactivity was accompanied by a time‐dependent  increase  in BDNF 
expression  mostly  in  the  laminae  I  and  II  of  the  dorsal  horn  of  the  spinal  cord.  BDNF 
scavenging,  initiated  immediately after spinal  injury,  induced the early establishment of NDO 
which  correlated with  increased  growth  capacity of DRG neurons.  This  indicates  that BDNF 
may have a protective role on bladder function in SCT. To confirm this, spinal cord injured rats 
were  treated with  intrathecal BDNF.  Treatment was  initiated  immediately  after  cord  injury. 
Improvement of bladder function was only observed after four weeks of BDNF administration. 
In  rats  with  established  NDO,  BDNF  sequestration  ameliorated  bladder  dysfunction  by 
reducing  the  frequency, amplitude and peak pressure of  reflex contractions,  suggesting  that 
BDNF  may  have  a  differential  role  during  disease  progression.  These  findings  identify  and 
strongly  imply  that  this  NT  participates  in  the  emergence  and  maintenance  of  NDO.  Thus, 
27
BDNF is an attractive therapeutic target to be differentially manipulated at different stages of 
NDO establishment (publication IV). (Frias et al., submitted). 
The  last  study  evaluated  the  role  of  TRPV1  in  the  excitatory  effects  of  chronic 
administration  of  NGF  on  bladder  generated  sensory  input  and  reflex  activity.  The  data 
obtained  showed  that  chronic  administration  of  NGF  induced  bladder  hyperactivity  and 
thermal hypersensitivity  in WT animals. This was not observed  in TRPV1‐KO mice,  indicating 
that this receptor is essential for NGF‐dependent bladder dysfunction and pain. Overall, these 
results  indicate  that  the  interaction  between  the  NGF  and  TRPV1  systems,  essential  for 
somatic pain, remains operative  in the regulation of bladder function and visceral pain. Thus, 
TRPV1 receptor  is an  important bottleneck  in bladder hyperactivity  in pathologies associated 
with NGF overexpression (publication V). (Frias et al. 2012. BJU Int, 110:E422‐E428).   
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1. Neurotrophins and their receptors
EĞƵƌŽƚƌŽƉŚŝŶƐ  ;EdƐͿ  ĂƌĞ  Ă  ĨĂŵŝůǇ  ŽĨ  ŐƌŽǁƚŚ  ĨĂĐƚŽƌƐ  ƉƌŽĚƵĐĞĚ  ďǇ  ĞƉŝƚŚĞůŝĂ  ĂŶĚ  ŽƚŚĞƌ 
ƚŝƐƐƵĞƐ͘  /Ŷ ŵĂŵŵĂůƐ͕  ƚŚĞƌĞ  ĂƌĞ  ĨŽƵƌ  ŬŶŽǁŶ EdƐ͗ EĞƌǀĞ 'ƌŽǁƚŚ  &ĂĐƚŽƌ  ;E'&Ϳ͕ ƌĂŝŶ‐ĞƌŝǀĞĚ 
EĞƵƌŽƚƌŽƉŚŝĐ &ĂĐƚŽƌ ;E&Ϳ͕ EĞƵƌŽƚƌŽƉŚŝŶ‐ϯ ;Ed‐ϯͿ ĂŶĚ EĞƵƌŽƚƌŽƉŚŝŶ‐ϰͬϱ ;Ed‐ϰͬϱͿ͘ dŚĞ ŵŽƐƚ 
ǁĞůů‐ŬŶŽǁŶ EdƐ͕ E'& ĂŶĚ E&͕ ƉůĂǇ Ă  ĐƌŝƚŝĐĂů  ƌŽůĞ ĚƵƌŝŶŐ ĞŵďƌǇŽůŽŐŝĐĂů ĚĞǀĞůŽƉŵĞŶƚ ĂŶĚ͕ 
ĚƵƌŝŶŐ  ĂĚƵůƚŚŽŽĚ͕  ŝŶ  ƚŚĞ  ƌĞŐƵůĂƚŝŽŶ  ŽĨ  ŶĞƵƌŽŶĂů  ƐƵƌǀŝǀĂů͕  ŶĞƵƌŝƚĞ  ŽƵƚŐƌŽǁƚŚ͕  ĂŶĚ  ƐǇŶĂƉƚŝĐ 
ƉůĂƐƚŝĐŝƚǇ  ŽĨ ĚŝĨĨĞƌĞŶƚ ŶĞƵƌŽŶĂů ƉŽƉƵůĂƚŝŽŶƐ ůŽĐĂƚĞĚ ďŽƚŚ ŝŶ ƚŚĞ ĐĞŶƚƌĂů ĂŶĚ ƉĞƌŝƉŚĞƌĂů ŶĞƌǀŽƵƐ 
ƐǇƐƚĞŵƐ  ;,ƵĂŶŐ ĂŶĚ ZĞŝĐŚĂƌĚƚ͕ ϮϬϬϭ͕ DĞƌŝŐŚŝ Ğƚ Ăů͕͘ ϮϬϬϰ͕ WĞǌĞƚ ĂŶĚ DĐDĂŚŽŶ͕ ϮϬϬϲͿ͘   EdƐ 
ŵĂǇ  ĂůƐŽ  ƉĂƌƚŝĐŝƉĂƚĞ  ŝŶ  ĚŝǀĞƌƐĞ  ĚŝƐĞĂƐĞƐ  ƐƚĂƚĞƐ  ŝŶĐůƵĚŝŶŐ  ůǌŚĞŝŵĞƌ͛Ɛ  ĚŝƐĞĂƐĞ͕  ,ƵŶƚŝŶŐƚŽŶ͛Ɛ 
ĚŝƐĞĂƐĞ͕ ĚĞƉƌĞƐƐŝŽŶ͕ ĐŚƌŽŶŝĐ ƉĂŝŶ ĂŶĚ ĂƐƚŚŵĂ  ;ĂǁďĂƌŶ ĂŶĚ ůůĞŶ͕ ϮϬϬϯ͕ ůůĞŶ ĂŶĚ ĂǁďĂƌŶ͕ 
ϮϬϬϲͿ͘  
EdƐ ĂƌĞ ĚŝŵĞƌŝĐ ƉƌŽƚĞŝŶƐ ǁŝƚŚ Ă ŵŽůĞĐƵůĂƌ ǁĞŝŐŚƚ ŽĨ ĐŝƌĐĂ ϭϮŬĂ ;>ĞǁŝŶ ĂŶĚ ĂƌĚĞ͕ ϭϵϵϲ͕ 
DŽǁůĂ  Ğƚ  Ăů͕͘  ϮϬϬϭ͕  WĞǌĞƚ  ĂŶĚ  DĐDĂŚŽŶ͕  ϮϬϬϲ͕  KĐŚŽĚŶŝĐŬǇ  Ğƚ  Ăů͕͘  ϮϬϭϮͿ͘  ůů  EdƐ  ĂƌĞ 
ƐǇŶƚŚĞƐŝǌĞĚ  ĂƐ  ƉƌĞƉƌŽƉƌŽƚĞŝŶƐ  ŽĨ  ϮϱϬ  ĂŵŝŶŽĂĐŝĚƐ  ŝŶ  ƚŚĞ  ĞŶĚŽƉůĂƐŵĂƚŝĐ  ƌĞƚŝĐƵůƵŵ͘  dŚĞ  ƉƌĞ‐
ĚŽŵĂŝŶ  ŝƐ  ĐůĞĂǀĞĚ  ŝŵŵĞĚŝĂƚĞůǇ  ĂĨƚĞƌ  ƐǇŶƚŚĞƐŝƐ  ĂŶĚ  ƚŚĞ  ƌĞƐƵůƚŝŶŐ  ƉƌŽƉƌŽƚĞŝŶ ŵĂǇ  ƵŶĚĞƌŐŽ 
ƉŽƐƚƚƌĂŶƐůĂƚŝŽŶĂů ŵŽĚŝĨŝĐĂƚŝŽŶƐ  ŝŶ  ƚŚĞ 'ŽůŐŝ ĂƉƉĂƌĂƚƵƐ ĂŶĚ  ƚƌĂŶƐ‐'ŽůŐŝ ŶĞƚǁŽƌŬ ďĞĨŽƌĞ ďĞŝŶŐ 
ƐƚŽƌĞĚ  ŝŶ  ƐĞĐƌĞƚŽƌǇ  ǀĞƐŝĐůĞƐ͘  dŚĞƐĞ  ǀĞƐŝĐůĞƐ  ĂƌĞ  ƚŚĞŶ  ƐŽƌƚĞĚ  ĞŝƚŚĞƌ  ŝŶƚŽ  ƚŚĞ  ƌĞŐƵůĂƚĞĚ  ĂϮн‐
ĚĞƉĞŶĚĞŶƚ ƉĂƚŚǁĂǇ Žƌ  ŝŶƚŽ  ƚŚĞ  ĐŽŶƐƚŝƚƵƚŝǀĞ ƉĂƚŚǁĂǇ͘ ůĞĂǀĂŐĞ ŽĨ  ƚŚĞ ƉƌŽ‐ĚŽŵĂŝŶ ŽĐĐƵƌƐ  ŝŶ 
ƚŚĞ ĞǆƚƌĂĐĞůůƵůĂƌ ƐƉĂĐĞ ďǇ ŵĂƚƌŝǆ ƉƌŽƚĞĂƐĞƐ ĂŶĚ ƉƌŽĚƵĐĞƐ ƚŚĞ ŵĂƚƵƌĞ ĨŽƌŵ ŽĨ EdƐ ;>ĞƐƐŵĂŶŶ 
ĂŶĚ ƌŝŐĂĚƐŬŝ͕ ϮϬϬϵͿ͘  
Figure 1. The different domains of neurotrophins are shown along the length of its aminoacids sequence (adapted 
from (Lessmann and Brigadski, 2009). 
hƉŽŶ  ƌĞůĞĂƐĞ͕  EdƐ  ŵĂǇ  ďŝŶĚ  ƚŽ  ƚǁŽ  ĚŝĨĨĞƌĞŶƚ  ƌĞĐĞƉƚŽƌ  ƚǇƉĞƐ͗  ƚŚĞ  ŚŝŐŚ  ĂĨĨŝŶŝƚǇ 
ƚƌŽƉŽŵǇŽƐŝŶ‐ƌĞůĂƚĞĚ ŬŝŶĂƐĞ ;dƌŬͿ ƌĞĐĞƉƚŽƌƐ ĂŶĚ ƚŚĞ ůŽǁ ĂĨĨŝŶŝƚǇ ŶĞƵƌŽƚƌŽƉŚŝŶ ƌĞĐĞƉƚŽƌ͕ ƉϳϱEdZ͘ 
tŚĞƌĞĂƐ Ăůů EdƐ ŵĂǇ ĞƋƵĂůůǇ ĐŽŶŶĞĐƚ ƚŽ ƉϳϱEdZ͕ dƌŬ ƌĞĐĞƉƚŽƌ ǁŝůů ŽŶůǇ ďŝŶĚ ƚŽ ŽŶĞ ƐƉĞĐŝĨŝĐ Ed͘ 
dƌŬ ŝƐ ƚŚĞ ŚŝŐŚ‐ĂĨĨŝŶŝƚǇ ƌĞĐĞƉƚŽƌ ĨŽƌ E'&͘ E& ĂŶĚ Edϰ͕ ĂůďĞŝƚ ǁŝƚŚ ůĞƐƐ ĂĨĨŝŶŝƚǇ͕ ďŝŶĚ ƚŽ dƌŬ 
ĂŶĚ Edϯ ďŝŶĚƐ  ƚŽ dƌŬ  ;WĞǌĞƚ ĂŶĚ DĐDĂŚŽŶ͕ ϮϬϬϲ͕ KĐŚŽĚŶŝĐŬǇ Ğƚ Ăů͕͘ ϮϬϭϮͿ͘ dƌŬ ĂŶĚ ƉϳϱEdZ 
ƌĞĐĞƉƚŽƌƐ ĂƌĞ ŽĨƚĞŶ ƉƌĞƐĞŶƚ ŽŶ ƚŚĞ ƐĂŵĞ ĐĞůů ĂŶĚ ŵŽĚƵůĂƚĞ ƚŚĞ ƌĞƐƉŽŶƐĞƐ ƚŽ EdƐ ;,ƵĂŶŐ ĂŶĚ 
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ZĞŝĐŚĂƌĚƚ͕ ϮϬϬϯͿ͘ /Ĩ ƚŚĞ ƌĂƚŝŽ ƉϳϱEdZͬdƌŬ ŝƐ ŚŝŐŚ Žƌ ŝĨ ƉϳϱEdZ ŝƐ ĞǆƉƌĞƐƐĞĚ ŝŶ ƚŚĞ ĂďƐĞŶĐĞ ŽĨ dƌŬ͕ 
ďŝŶĚŝŶŐ ŽĨ EdƐ ŵĂǇ ƉƌŽŵŽƚĞ ĂƉŽƉƚŽƐŝƐ͘  /Ŷ ĐŽŶƚƌĂƐƚ͕  ŝĨ  ƚŚĞ  ƌĂƚŝŽ ƉϳϱEdZͬdƌŬ  ŝƐ  ůŽǁ͕ ďŝŶĚŝŶŐ ŽĨ 
ƚŝƐƐƵĞ  ĚĞƌŝǀĞĚ  EdƐ  ƚŽ  ƚŚĞŝƌ  ƐƉĞĐŝĨŝĐ  dƌŬ  ƌĞĐĞƉƚŽƌ  ǁŝůů  ƉƌŽŵŽƚĞ  ĐĞůů  ƐƵƌǀŝǀĂů  ;,ƵĂŶŐ  ĂŶĚ 
ZĞŝĐŚĂƌĚƚ͕ ϮϬϬϯ͕ ,ĞĨƚŝ Ğƚ Ăů͕͘ ϮϬϬϲͿ͘ 
Figure 2. Schematic structure of mammalian neurotrophin receptors and consequences of receptor‐
ligand binding. 
ŝŶĚŝŶŐ ŽĨ EdƐ ƚŽ ƚŚĞŝƌ ŚŝŐŚ‐ĂĨĨŝŶŝƚǇ dƌŬ ƌĞĐĞƉƚŽƌ ŝƐ ƌĞŐƵůĂƚĞĚ ďǇ Ă ƌĞŐŝŽŶ ŽĨ ĐŽŶƐĞƌǀĞĚ ĂŶĚ 
ǀĂƌŝĂďůĞ  ĚŽŵĂŝŶƐ  ƚŚĂƚ  ĂůůŽǁ  ƚŚĞ  ƐƉĞĐŝĨŝĐ  ƌĞĐŽŐŶŝƚŝŽŶ  ŽĨ  ĞĂĐŚ  ŶĞƵƌŽƚƌŽƉŚŝŶ  ;,ƵĂŶŐ  ĂŶĚ 
ZĞŝĐŚĂƌĚƚ͕ ϮϬϬϯ͕ ƌĞǀĂůŽ ĂŶĚ tƵ͕ ϮϬϬϲͿ͘ Ɛ ĨŽƌ ƉϳϱEdZ͕ Ed ďŝŶĚŝŶŐ ŝƐ ŵĞĚŝĂƚĞĚ ďǇ ƚǁŽ ĐǇƐƚĞŝŶ 
ƌĞƉĞĂƚ ĚŽŵĂŝŶƐ ;ZϮ ĂŶĚ ZϯͿ͕ ůŽĐĂƚĞĚ ŝŶ ƚŚĞ ĞǆƚƌĂĐĞůůƵůĂƌ ĚŽŵĂŝŶ ŽĨ ƚŚĞ ƌĞĐĞƉƚŽƌ͘ ĐƚŝǀĂƚŝŽŶ 
ŽĨ dƌŬ ůĞĂĚƐ ƚŽ ƉŚŽƐƉŚŽƌǇůĂƚŝŽŶ ŽĨ ĚŝĨĨĞƌĞŶƚ ƚǇƌŽƐŝŶĞ ƌĞƐŝĚƵĞƐ ŽŶ ƚŚĞ ĐǇƚŽƉůĂƐŵĂƚŝĐ ĚŽŵĂŝŶƐ ŽĨ 
ƚŚĞ ƌĞĐĞƉƚŽƌƐ ĂŶĚ ĚŽǁŶƐƚƌĞĂŵ ĂĐƚŝǀĂƚŝŽŶ ŽĨ  ŝŶƚƌĂĐĞůůƵůĂƌ ƐŝŐŶĂůŝŶŐ ƉĂƚŚǁĂǇƐ  ŝŶĐůƵĚŝŶŐ DW<͕ 
W/ϯ<ͬŬƚ ĂŶĚ W<  ;,ƵĂŶŐ ĂŶĚ ZĞŝĐŚĂƌĚƚ͕ ϮϬϬϯ͕ ƌĞǀĂůŽ ĂŶĚ tƵ͕ ϮϬϬϲ͕ WĞǌĞƚ ĂŶĚ DĐDĂŚŽŶ͕ 
ϮϬϬϲͿ͘  
'ŝǀĞŶ  ƚŚĞ ŵŽĚĞƐƚ  ƌŽůĞ ŽĨ Ed‐ϯ ĂŶĚ Ed‐ϰͬϱ  ŝŶ ƉĂŝŶ ƉƌŽĐĞƐƐŝŶŐ ĂŶĚ  ƌĞŐƵůĂƚŝŽŶ ŽĨ ďůĂĚĚĞƌ 
ĨƵŶĐƚŝŽŶ͕  ƚŚĞ  ƉƌĞƐĞŶƚ  ƌĞǀŝĞǁ ǁŝůů  ŽŶůǇ  ĨŽĐƵƐ  ŽŶ E'&  ĂŶĚ  E&͘  &ƵƌƚŚĞƌ  ŝŶĨŽƌŵĂƚŝŽŶ  ĂďŽƵƚ 
ƚŚĞƐĞ EdƐ ŵĂǇ ďĞ ĨŽƵŶĚ ĞůƐĞǁŚĞƌĞ ;ŶĂŶĚ͕ ϮϬϬϰ͕ ƌƵǌ͕ ϮϬϭϯͿ͘ 
2. Nerve Growth Factor (NGF)
EĞƌǀĞ 'ƌŽǁƚŚ &ĂĐƚŽƌ ;E'&Ϳ ŝƐ ƚŚĞ ĨŽƵŶĚŝŶŐ ŵĞŵďĞƌ ŽĨ ƚŚĞ EdƐ ĨĂŵŝůǇ͘ /ƚ ǁĂƐ ĚŝƐĐŽǀĞƌĞĚ ŝŶ 
ƚŚĞ ϭϵϱϬ͛Ɛ ĂƐ Ă ŐƌŽǁƚŚ ĨĂĐƚŽƌ ƌĞƋƵŝƌĞĚ ĨŽƌ ĂǆŽŶĂů ŐƌŽǁƚŚ ŽĨ ŵŽƚŽƌ ĂŶĚ ƐĞŶƐŽƌǇ ŶĞƵƌŽŶƐ ŝŶ ƚŚĞ 
ĐŚŝĐŬ  ;,ĂŵďƵƌŐĞƌ  ĂŶĚ  >Ğǀŝ‐DŽŶƚĂůĐŝŶŝ͕  ϭϵϰϵ͕  >Ğǀŝ‐DŽŶƚĂůĐŝŶŝ  ĂŶĚ  ,ĂŵďƵƌŐĞƌ͕  ϭϵϱϭ͕  >Ğǀŝ‐
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϯϰ
Montalcini  and  Angeletti,  1966,  Levi‐Montalcini,  1975,  1987,  Ernsberger,  2009).  NGF  is 
presently recognized as an essential trophic protein regulating the development and survival 
of  small  diameter  primary  dorsal  root  ganglia  (DRG)  neurons,  as  well  as  sprouting  of 
postganglionic sympathetic neurons, as they abundantly express TrkA  (Levi‐Montalcini, 1987, 
Pezet and McMahon, 2006).  In peripheral  tissues, NGF may be  synthesized by non‐neuronal 
cells,  including cells from the salivary glands  (Watson et al., 1985, Nam et al., 2007), smooth 
muscle  cells  (Steers  et  al.,  1991),  immune  cells  (Aloe  et  al.,  1992,  Hefti  et  al.,  2006)  and 
epithelial cells (Pincelli and Marconi, 2000, Harrison et al., 2004, Birder et al., 2007, Stanzel et 
al., 2008). NGF  is uptaken by the peripheral neuronal terminals and retrogradely transported 
to  the  cell  bodies  of  dorsal  root  ganglia  (DRG)  neurons,  where  it  activates  pro‐survival 
intracellular programs. Although normal  levels are  low  in adult  tissue,  they are  sufficient  to 
exert protective effects on peripheral innervation.  
2.1. NGF as a pain mediator  
An  important  function  of  NGF  is  the  regulation  of  pain‐signaling  systems  as  NGF  is 
essential for the survival and plastic changes of peripheral nociceptive neurons as well as the 
generation and maintenance of chronic pain states (McMahon, 1996, Hunt and Mantyh, 2001, 
Julius  and  Basbaum,  2001).  NGF  is  upregulated  in  a  variety  of  chronic  painful  conditions, 
including arthritis (Aloe et al., 1992, Halliday et al., 1998, Iannone et al., 2002), cystitis (Lowe et 
al., 1997, Oddiah  et  al., 1998,  Jaggar  et  al., 1999,  Liu  et  al., 2009), prostatitis  (Miller  et  al., 
2002) and chronic headaches  (Sarchielli et al., 2001). Healthy volunteers reported cutaneous 
hypersensitivity and generalized pain starting within minutes after subcutaneous or muscular 
administration of NGF and persisting  for  several hours  (Petty et al., 1994, Dyck et al., 1997, 
Svensson et  al., 2003, Andersen et  al., 2008, Hoheisel et  al., 2013).  Likewise,  subcutaneous 
injection of NGF  in the hindpaw of rodents  lead to  increased responsiveness to noxious heat 
and progressive increase in the activity of nociceptive neurons (Lewin et al., 1994, Andreev et 
al.,  1995,  Thompson  et  al.,  1995).  Also  in  rodents,  the  concentration  of  NGF  in  the  skin 
increases  in  response  to  inflammation  produced  by  injection  of  irritants,  such  as  complete 
Freud’s  Adjuvant  (CFA)  (Pezet  and McMahon,  2006),  or  following  exposure  to  ultraviolet‐B 
irradiation  (Woolf et al., 1994, Bishop et al., 2007).  Importantly, NGF has also been  linked to 
visceral pain  (Guerios et al., 2006). Finally,  it has been recently demonstrated that NGF  is an 
important mediator  in experimental models of cancer pain  (Sevcik et al., 2005, Bloom et al., 
2011, Jimenez‐Andrade et al., 2011). 
Following  the demonstration of high  levels of NGF both  in experimental models and  in 
human painful conditions, several studies addressed the effects of the downregulation of this 
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NT. The administration of anti‐NGF antibodies,  synthetic NGF  scavengers and antagonists of 
Trk receptors successfully reduced pain levels following intraplantar injection of CFA  (Lewin et 
al., 1994, Woolf et al., 1994, Ma and Woolf, 1997), carrageenan‐induced  inflammation of the 
hindpaw  (McMahon  et  al.,  1995,  Chudler  et  al.,  1997,  Sammons  et  al.,  2000)  and  bladder 
inflammation (Hu et al., 2005, Guerios et al., 2008). Following the demonstration that NGF is a 
major mediator of pain and reports of the beneficial effects of NGF blockade, a recombinant 
humanized monoclonal antibody against NGF was developed and tested  in preclinical studies 
to  treat pain  in osteoarthritic patients  (Cattaneo, 2010,  Lane et al., 2010, Nagashima et  al., 
2011, Schnitzer et al., 2011, Brown et al., 2012, 2013).   Despite positive effects, patients also 
developed adverse side problems,  including   asseptic avascular bone necrosis that eventually 
lead  to  joint  replacement  (Brown  et  al.,  2013),  precluding  its  investigation  in  other  painful 
conditions. 
The  reason why NGF  is  such  an  important  pain mediator  is  related  to  its  downstream 
effects  (McMahon, 1996, Pezet and McMahon, 2006). Upon  release  from peripheral  tissues, 
NGF  is  retrogradely  transported  to  the  cell  soma  of  sensory  neurons,  where  it  activates 
signaling pathways such as the Extracellular regulated kinase 1 and 2 (ERK) and Akt signalling 
pathways  (Pezet  and  McMahon,  2006,  Cruz  and  Cruz,  2007,  Ochodnicky  et  al.,  2012). 
Activation of  these  signaling pathways  reduces  the activation  threshold of  sensory afferents 
either  by  a  quick  and  direct modulation  of membrane  receptor  or  by  inducing  long‐lasting 
changes  in gene expression. Examples of genes  regulated by NGF  include  the ones encoding 
for other neurotrophins,  such  as BDNF,  and  ionic  channels,  such  as  the  Transient Receptor 
Potential Vanilloid 1  (TRPV1)  (Pezet  and McMahon, 2006).  Interestingly,  acute NGF‐induced 
sensitization  may  be  accounted  by  a  direct  interaction  between  NGF  and  TRPV1.  TrkA 
activation,  induced  by  NGF  binding,  leads  to  the  release  of  TRPV1  from  tonic  inhibition 
(Chuang et al., 2001) and quickly  increases TRPV1 expression by  inducing the  insertion  in the 
membrane  of  new  TRPV1  subunits  (Zhang  et  al.,  2005,  Zhang  et  al.,  2008).  However,  the 
interaction between TRPV1 and the NGF system has only been analysed in in vitro assays and 
in the context of somatic pain. 
2.2. NGF in the Lower Urinary tract (LUT) 
In  the  LUT, NGF  is by  far  the most well  studied neurotrophin. Early  studies  showed an 
increase of NGF levels and hypertrophied bladders in rats with urethral obstruction (Steers et 
al.,  1991)  and  proved  NGF  as  an  essential  mediator  in  regulating  survival  and  neurite 
outgrowth of  cultured major pelvic  ganglion neurons  (Tuttle  and  Steers, 1992, Tuttle et  al., 
1994a, Tuttle et al., 1994b). Other studies aimed to detect the origin of NGF in the bladder and 
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identified bladder smooth cells (Persson et al., 1997, Tanner et al., 2000) and the urothelium 
(Lowe  et  al.,  1997,  Birder  et  al.,  2007,  Birder  et  al.,  2010)  as  important  sources  of  NGF. 
Interestingly,  urothelial  cells  also  respond  to  this  NT  as  they  also  express  TrkA  and  p75NTR 
(Murray  et  al.,  2004).  In  addition,  NGF  can  also  been  found  in  the  cell  bodies  of  sensory 
afferents innervating the urinary bladder (Sasaki et al., 2002) and major pelvic ganglia (Murray 
et al., 2004). 
2.2.1 NGF and bladder dysfunction 
NGF  is upregulated  in  the bladder  in  various human  LUT pathologies  including Bladder 
Pain  Syndrome/Interstitial  Cystitis  (BPS/IC),  Overactive  Bladder  Syndrome  (OAB),  Bladder 
Outlet  Obstruction  (BOO)  and  Neurogenic  Detrusor  Overactivity  (NDO)  (Ochodnicky  et  al., 
2011,  Antunes‐Lopes  et  al.,  2013).  This  NT  is  found  in  big  amounts  in  the  urines  of  these 
patients,  subsiding  after  pharmacological  and  non‐pharmacological  treatment  (Pinto  et  al., 
2010b,  Antunes‐Lopes  et  al.,  2011,  Antunes‐Lopes  et  al.,  2013).  Collectively,  these  studies 
raised  the  ongoing  debate  about  a  putative  use  of  urinary NGF  as  a  biomarker  of  bladder 
dysfunction (Liu and Kuo, 2008, Ochodnicky et al., 2011, Seth et al., 2013). 
In  experimental  animals  of  bladder  hyperactivity,  NGF  concentration  in  the  bladder  is 
increased  in  animals  with  cystitis  (Bjorling  et  al.,  2001,  Guerios  et  al.,  2008)  and  following 
spinal cord  injury (SCI) (Vizzard, 2000). Exogenous administration of NGF to the bladder  leads 
to hyperactivity, with increased frequency and amplitude of bladder contractions, irrespective 
of the route of administration (Dmitrieva and McMahon, 1996, Dmitrieva et al., 1997, Lamb et 
al., 2004, Zvara and Vizzard, 2007). More recently,  it was reported that transgenic mice with 
NGF overexpression restricted to the urothelium also present bladder hyperactivity, together 
with bladder enlargement and  sympathetic and  sensory hyperinnervation  (Schnegelsberg et 
al., 2010, Girard et al., 2011). At spinal cord level, NGF levels were also upregulated in SCI rats 
with  bladder  hyperactivity  (Seki  et  al.,  2002,  Zvarova  et  al.,  2004).    Chronic  intrathecal 
administration of NGF  to normal  rats also  resulted  in bladder hyperactivity, accompanied by 
hyperexcitability  of  bladder  sensory  afferents  (Yoshimura  et  al.,  2006).  Changes  in  bladder 
function  were  accompanied  by  upregulation  in  the  expression  of  TrkA  and  p75NTR  in  the 
bladder and  in  the neuronal pathways  regulating bladder  function  (Qiao and Vizzard, 2002a, 
Qiao  and Vizzard,  2002b, Murray  et  al.,  2004, Qiao  and Vizzard,  2005,  Klinger  et  al.,  2008, 
Klinger and Vizzard, 2008).   
The effects of NGF blockade on bladder function have also been studied. In animals with 
cystitis,  the  effects  of  NGF  have  been  inhibited  by  intravenous  injection  of  REN1820,  a 
recombinant  protein  able  to  sequester  NGF  (Hu  et  al.,  2005),  or  following  intravesical  
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ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ ĂŶ ĂŶƚŝ‐E'& ĂŶƚŝďŽĚǇ Žƌ Ă ŐĞŶĞƌĂů ĂŶƚĂŐŽŶŝƐƚ ŽĨ dƌŬ ƌĞĐĞƉƚŽƌƐ ;'ƵĞƌŝŽƐ Ğƚ Ăů͕͘ 
ϮϬϬϲ͕ 'ƵĞƌŝŽƐ Ğƚ Ăů͕͘ ϮϬϬϴͿ͘ /Ŷ Ăůů ĐĂƐĞƐ͕ Ă ƉƌŽŶŽƵŶĐĞĚ ŝŵƉƌŽǀĞŵĞŶƚ ŽĨ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ ;,Ƶ Ğƚ 
Ăů͕͘  ϮϬϬϱͿ  ĂŶĚ  ƌĞĚƵĐƚŝŽŶ  ŽĨ  ǀŝƐĐĞƌĂů  ƉĂŝŶ  ;'ƵĞƌŝŽƐ  Ğƚ  Ăů͕͘  ϮϬϬϲ͕  'ƵĞƌŝŽƐ  Ğƚ  Ăů͕͘  ϮϬϬϴͿ  ǁĞƌĞ 
ŽďƐĞƌǀĞĚ͘  >ŝŬĞǁŝƐĞ͕  ŝŶƚƌĂǀĞƐŝĐĂů  ŝŶƐƚŝůůĂƚŝŽŶ  ŽĨ  ĂŶƚŝƐĞŶƐĞ  ŽůŝŐŽĚĞŽǆǇŶƵĐůĞŽƚŝĚĞƐ͕  ďĞĨŽƌĞ 
ŝŶĚƵĐƚŝŽŶ ŽĨ  ĐǇƐƚŝƚŝƐ͕ ďůŽĐŬĞĚ E'&  ƐǇŶƚŚĞƐŝƐ  ĂŶĚ  ƌĞĚƵĐĞĚ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ  ;dǇĂŐŝ  Ğƚ  Ăů͕͘ 
ϮϬϬϲͿ͘  /Ŷ  ^/  ƌĂƚƐ͕  ŝŵŵƵŶŽŶĞƵƚƌĂůŝǌĂƚŝŽŶ  ŽĨ  E'&  Ăƚ  ƚŚĞ  ƐƉŝŶĂů  ĐŽƌĚ  ůĞǀĞů  ƌĞĚƵĐĞĚ  ďůĂĚĚĞƌ 
ŚǇƉĞƌĂĐƚŝǀŝƚǇ  ĂŶĚ  ĚĞƚƌƵƐŽƌ‐ƐƉŚŝŶĐƚĞƌ‐ĚǇƐƐǇŶĞƌŐŝĂ  ;^ĞŬŝ  Ğƚ  Ăů͕͘  ϮϬϬϮ͕  ^ĞŬŝ  Ğƚ  Ăů͕͘  ϮϬϬϰͿ͘ 
^ƵƌƉƌŝƐŝŶŐůǇ͕ ǁŚĞƌĞĂƐ ďůŽĐŬŝŶŐ ƚŚĞ ŝŶƚĞƌĂĐƚŝŽŶ ŽĨ E'& ǁŝƚŚ dƌŬ ƐĞĞŵƐ ƚŽ ďĞ ĂĚǀĂŶƚĂŐĞŽƵƐ ƚŽ 
ƚƌĞĂƚ  ďůĂĚĚĞƌ  ŚǇƉĞƌĂĐƚŝǀŝƚǇ͕  ƚŚĞ  ƐĂŵĞ  ǁĂƐ  ŶŽƚ  ŽďƐĞƌǀĞĚ  ĨŽůůŽǁŝŶŐ  ŝŶŚŝďŝƚŝŽŶ  ŽĨ  ƉϳϱEdZ͘ 
/ŶƚƌĂǀĞƐŝĐĂů ŝŶƐƚŝůůĂƚŝŽŶ ŽĨ WϵϬϳϴϬ͕ ǁŚŝĐŚ ƐƉĞĐŝĨŝĐĂůůǇ ƉƌĞǀĞŶƚƐ E'& ďŝŶĚŝŶŐ ƚŽ ƉϳϱEdZ͕ Žƌ ŽĨ ĂŶ 
ĂŶƚŝďŽĚǇ  ƚĂƌŐĞƚŝŶŐ  ƚŚŝƐ  EdƐ  ƌĞĐĞƉƚŽƌ͕  ŝŶĐƌĞĂƐĞĚ  ǀŽŝĚŝŶŐ  ĨƌĞƋƵĞŶĐǇ  ďŽƚŚ  ŝŶ  ĐŽŶƚƌŽů  ĂŶĚ  ŝŶ 
ĂŶŝŵĂůƐ ǁŝƚŚ  ĐǇƐƚŝƚŝƐ  ;<ůŝŶŐĞƌ  Ğƚ  Ăů͕͘  ϮϬϬϴ͕  <ůŝŶŐĞƌ  ĂŶĚ  sŝǌǌĂƌĚ͕  ϮϬϬϴͿ͘  dŚĞƐĞ  ĞĨĨĞĐƚƐ  ĨƵƌƚŚĞƌ 
ƐƚƌĞƐƐ  ƚŚĞ  ŝŵƉŽƌƚĂŶĐĞ  ŽĨ  ƚŚĞ  ƌĂƚŝŽ  dƌŬͬƉϳϱEdZ  ƌĂƚŚĞƌ  ƚŚĂŶ  ƚŚĞ  ƐŝŶŐůĞ  ĞǆƉƌĞƐƐŝŽŶ  ŽĨ  ĞĂĐŚ 
ƌĞĐĞƉƚŽƌ ;,ƵĂŶŐ ĂŶĚ ZĞŝĐŚĂƌĚƚ͕ ϮϬϬϯͿ͘ 
 dŚĞƐĞ ĞǆƉĞƌŝŵĞŶƚĂů ƐƚƵĚŝĞƐ ĂĚĚƌĞƐƐŝŶŐ ƚŚĞ ŵĂŶŝƉƵůĂƚŝŽŶ ŽĨ E'& ůĞǀĞůƐ ŚĂǀĞ ďĞĞŶ ĚŝĨĨŝĐƵůƚ 
ƚŽ ƚƌĂŶƐůĂƚĞ ŝŶƚŽ ƚŚĞ ĐůŝŶŝĐƐ͘ ^ƚŝůů͕ ŝŶ Ă ƌĞĐĞŶƚ ƐƚƵĚǇ dĂŶĞǌƵŵĂď ǁĂƐ ƵƐĞĚ ƚŽ ƚƌĞĂƚ ƉĂƚŝĞŶƚƐ ǁŝƚŚ 
W^ͬ/͘ dĂŶĞǌƵŵĂď ůĞĂĚ ƚŽ Ă ƐůŝŐŚƚ ƌĞĚƵĐƚŝŽŶ ŝŶ ƵƌŝŶĂƌǇ ĨƌĞƋƵĞŶĐǇ ĂŶĚ ƉĂŝŶ ďƵƚ ƐŽŵĞ ƉĂƚŝĞŶƚƐ 
ĂůƐŽ ƌĞƉŽƌƚĞĚ ƐĞǀĞƌĞ ƐŝĚĞ ĞĨĨĞĐƚƐ ƐƵĐŚ ĂƐ ƉĂƌĞƐƚŚĞƐŝĂ͕ ŚǇƉĞƌĞƐƚŚĞƐŝĂ ĂŶĚ ŵŝŐƌĂŶĞƐ ;ǀĂŶƐ Ğƚ Ăů͕͘ 
ϮϬϭϭͿ͘ dĂŶĞǌƵŵĂď ŚĂƐ ĂůƐŽ ďĞĞŶ ƵƐĞĚ  ŝŶ ƉĂƚŝĞŶƚƐ ǁŝƚŚ ĐŚƌŽŶŝĐ ƉƌŽƐƚĂƚŝƚŝƐͬĐŚƌŽŶŝĐ ƉĞůǀŝĐ ƉĂŝŶ 
ƐǇŶĚƌŽŵĞ͘  /Ŷ  ƚŚŝƐ  ƐƚƵĚǇ͕  ŝŵƉƌŽǀĞŵĞŶƚ  ŽĨ  ƉĂŝŶ  ĂŶĚ  ƵƌŐĞŶĐǇ  ǁĂƐ  ŵĂƌŐŝŶĂů  ĂŶĚ  ƚŚĞ  ŵŽƐƚ 
ĐŽŵŵŽŶ ĂĚǀĞƌƐĞ ĞǀĞŶƚƐ ǁĞƌĞ ƉĂƌĞƐƚŚĞƐŝĂ ĂŶĚ ĂƌƚŚƌĂůŐŝĂ ;EŝĐŬĞů Ğƚ Ăů͕͘ ϮϬϭϮͿ͘  
3. Brain­Derived Neurotrophic Factor (BDNF)
E&  ŝƐ  ƚŚĞ ŵŽƐƚ  ƵďŝƋƵŝƚŽƵƐ  ŶĞƵƌŽƚƌŽƉŚŝŶ  ŝŶ  ƚŚĞ  ŶĞƌǀŽƵƐ  ƐǇƐƚĞŵ  ;WĞǌĞƚ  Ğƚ  Ăů͕͘  ϮϬϬϮĐͿ͘ 
E& ĐŽŶƚƌŝďƵƚĞƐ ƚŽ ƚŚĞ ĚŝĨĨĞƌĞŶƚŝĂƚŝŽŶ ŽĨ ƉůĂĐŽĚĞ‐ĚĞƌŝǀĞĚ ƐĞŶƐŽƌǇ ŶĞƵƌŽŶƐ  ;Ğ͘Ő ƚŚŽƐĞ  ŝŶ ƚŚĞ 
ŶŽĚŽƐĞ  ŐĂŶŐůŝŽŶͿ  ĂŶĚ  ƐƵƌǀŝǀĂů  ŽĨ  ĂĚƵůƚ  ƐĞŶƐŽƌǇ  ŶĞƵƌŽŶƐ  ;ďŽƚŚ  ƉůĂĐŽĚĞ‐  ĂŶĚ  ŶĞƵƌĂů  ĐƌĞƐƚ‐
ĚĞƌŝǀĞĚ ŶĞƵƌŽŶƐͿ ;WĞǌĞƚ Ğƚ Ăů͕͘ ϮϬϬϮĐ͕ WĞǌĞƚ ĂŶĚ DĐDĂŚŽŶ͕ ϮϬϬϲͿ͘ ĐĐŽƌĚŝŶŐůǇ͕  ŝƚ ǁĂƐ ƐŚŽǁŶ 
ƚŚĂƚ  E&  ŝƐ  ŶĞĐĞƐƐĂƌǇ  ĨŽƌ  ƚŚĞ  ƐƵƌǀŝǀĂů  ŽĨ  ƐůŽǁůǇ  ĂĚĂƉƚŝŶŐ  ŵĞĐŚĂŶŽƌĞĐĞƉƚŽƌƐ  ;^DͿ  ƚŚĂƚ 
ŝŶŶĞƌǀĂƚĞ DĞƌŬĞů  ĐĞůůƐ  ŝŶ  ƚŚĞ  ƐŬŝŶ  ;ĂƌƌŽůů  Ğƚ  Ăů͕͘  ϭϵϵϴͿ  ĂŶĚ  E&  ŬŶŽĐŬŽƵƚ ŵŝĐĞ  ƉƌĞƐĞŶƚ 
ƌĞĚƵĐĞĚ  ĞǆƉƌĞƐƐŝŽŶ  ŽĨ ^/Ϯ͕  ĂŶ  ŝŵƉŽƌƚĂŶƚ ŵĞĐŚĂŶŽƚƌĂŶƐĚƵĐĞƌ  ;DĐ/ůǁƌĂƚŚ  Ğƚ  Ăů͕͘  ϮϬϬϱͿ͘  /Ŷ 
ĂĚƵůƚŚŽŽĚ͕ E& ŚĂƐ ďĞĞŶ  ŝŵƉůŝĐĂƚĞĚ  ŝŶ  ƚŚĞ  ƌĞŐƵůĂƚŝŽŶ ŽĨ ŶĞƵƌĂů  ƚƌĂŶƐŵŝƐƐŝŽŶ  ĂŶĚ  ƐǇŶĂƉƚŝĐ 
ƉůĂƐƚŝĐŝƚǇ  ŝŶ ŵĂŶǇ  ĂƌĞĂƐ  ŽĨ  ƚŚĞ  ĐĞŶƚƌĂů  ŶĞƌǀŽƵƐ  ƐǇƐƚĞŵ͕  ŝŶĐůƵĚŝŶŐ  ƚŚĞ  ŚŝƉƉŽĐĂŵƉƵƐ͕  ǀŝƐƵĂů 
ĐŽƌƚĞǆ  ĂŶĚ  ƐƉŝŶĂů  ĐŽƌĚ  ;^ĐŚŝŶĚĞƌ  ĂŶĚ  WŽŽ͕  ϮϬϬϬ͕  WĞǌĞƚ  Ğƚ  Ăů͕͘  ϮϬϬϮĂͿ͘ DŽƐƚ  ŽĨ  ƚŚĞ  ĐĞůůƵůĂƌ 
ĂĐƚŝŽŶƐ ŽĨ E& ĂƌĞ ŵĞĚŝĂƚĞĚ ďǇ  ƚŚĞ ŚŝŐŚ ĂĨĨŝŶŝƚǇ  ƌĞĐĞƉƚŽƌ͕ dƌŬ  ;<ĂƉůĂŶ ĂŶĚ DŝůůĞƌ͕ ϭϵϵϳͿ͕ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϯϴ
ǁŚŝĐŚ  ŝƐ ĂďƵŶĚĂŶƚ ĚƵƌŝŶŐ ĚĞǀĞůŽƉŵĞŶƚ ĂŶĚ ǁŝĚĞůǇ ĚŝƐƚƌŝďƵƚĞĚ  ŝŶ  ƚŚĞ ƉĞƌŝƉŚĞƌĂů ĂŶĚ  ĐĞŶƚƌĂů 
ŶĞƌǀŽƵƐ  ƐǇƐƚĞŵ  ŽĨ  ĂĚƵůƚ  ĂŶŝŵĂůƐ  ;,ƵĂŶŐ  ĂŶĚ  ZĞŝĐŚĂƌĚƚ͕  ϮϬϬϭͿ͘  E&  ŝƐ  ĐŽŶƐƚŝƚƵƚŝǀĞůǇ 
ƐǇŶƚŚĞƐŝǌĞĚ ďǇ Ă ƐƵďƉŽƉƵůĂƚŝŽŶ ŽĨ ƐŵĂůů‐ ĂŶĚ ŵĞĚŝƵŵ‐ƐŝǌĞĚ ƉĞƉƚŝĚĞƌŐŝĐ Z' ŶĞƵƌŽŶƐ ;DĞƌŝŐŚŝ 
Ğƚ Ăů͕͘ ϮϬϬϰͿ͕ ďƵƚ ĂůƐŽ  ŝŶ ŶŽŶ‐ŶĞƵƌŽŶĂů ĐĞůůƐ͕  ŝŶĐůƵĚŝŶŐ  ƚŚĞ ĞƉŝƚŚĞůŝĂ ŽĨ  ƚŚĞ ďůĂĚĚĞƌ͕  ůƵŶŐ ĂŶĚ 
ĐŽůŽŶ ;>ŽŵŵĂƚǌƐĐŚ Ğƚ Ăů͕͘ ϭϵϵϵͿ͘  
E& ŝƐ ĐŽŶƐŝĚĞƌĞĚ Ă ĐĞŶƚƌĂů ŵŽĚƵůĂƚŽƌ ĂƐ ŝƚ ĐĂŶ ďĞ ĂŶƚĞƌŽŐƌĂĚĞůǇ ƚƌĂŶƐƉŽƌƚĞĚ ďǇ ƐĞŶƐŽƌǇ 
ŶĞƵƌŽŶƐ ƚŽ ƚŚĞ ƐƉŝŶĂů ĐŽƌĚ͕ ǁŚĞƌĞ ŝƚ ŝƐ ƌĞůĞĂƐĞĚ ŝŶ ĚŽƌƐĂů ŚŽƌŶ ŝŶ ůĂŵŝŶĂĞ / ĂŶĚ // ƵƉŽŶ ŶŽǆŝŽƵƐ 
ƉĞƌŝƉŚĞƌĂů  ƐƚŝŵƵůĂƚŝŽŶ  ;ŚŽƵ  ĂŶĚ  ZƵƐŚ͕  ϭϵϵϲͿ͘  /ŶƚĞƌĞƐƚŝŶŐůǇ͕  E&  ĞǆƉƌĞƐƐŝŽŶ  ŝŶ  dƌŬ‐
ĞǆƉƌĞƐƐŝŶŐ  ƐĞŶƐŽƌǇ ŶĞƵƌŽŶƐ  ŝƐ  ƌĞŐƵůĂƚĞĚ  ŝŶ  Ă E'&‐ĚĞƉĞŶĚĞŶƚ ŵĂŶŶĞƌ  ;DŝĐŚĂĞů  Ğƚ  Ăů͕͘  ϭϵϵϳ͕ 
WĞǌĞƚ Ğƚ Ăů͕͘ ϮϬϬϮĐ͕ DĞƌŝŐŚŝ Ğƚ Ăů͕͘ ϮϬϬϰ͕ DĞƌŝŐŚŝ Ğƚ Ăů͕͘ ϮϬϬϴͿ͘ /ƚ ŝƐ ĐŽŶƚĂŝŶĞĚ ŝŶ ůĂƌŐĞ ĚĞŶƐĞ ĐŽƌĞ 
ƐǇŶĂƉƚŝĐ  ǀĞƐŝĐůĞƐ  ;sƐͿ  ŝŶ  ƚĞƌŵŝŶĂůƐ  ŽĨ  ƉƌŝŵĂƌǇ  ĂĨĨĞƌĞŶƚ  ĨŝďĞƌƐ͕ ǁŚĞƌĞ  ŝƚ  ŝƐ  ĐŽ‐ƐƚŽƌĞĚ ǁŝƚŚ 
^ƵďƐƚĂŶĐĞ  W  ĂŶĚ  ĂůĐŝƚŽŶŝŶ 'ĞŶĞ  ZĞůĂƚĞĚ  ƉĞƉƚŝĚĞ  ;'ZWͿ  ;DĞƌŝŐŚŝ  Ğƚ  Ăů͕͘  ϮϬϬϰ͕  ^ĂůŝŽ  Ğƚ  Ăů͕͘ 
ϮϬϬϳͿ͘ KŶĐĞ ƌĞůĞĂƐĞĚ ŝŶ ƚŚĞ ĚŽƌƐĂů ŚŽƌŶ͕ E& ďŝŶĚƐ ƚŽ dƌŬ͕ ƉƌĞƐĞŶƚ ŝŶ ƉƌŝŵĂƌǇ ĂĨĨĞƌĞŶƚƐ ĂŶĚ 
ƉŽƐƚƐǇŶĂƉƚŝĐ ŶĞƵƌŽŶĂů ƉƌŽĨŝůĞƐ ;WĞǌĞƚ Ğƚ Ăů͕͘ ϮϬϬϮď͕ ^ĂůŝŽ Ğƚ Ăů͕͘ ϮϬϬϱ͕ DĞƌŝŐŚŝ Ğƚ Ăů͕͘ ϮϬϬϴͿ͕ ĂŶĚ 
ŝŶĚƵĐĞƐ ƉŽƚĞŶƚŝĂƚŝŽŶ ŽĨ ŐůƵƚĂŵĂƚĞƌŐŝĐ ŶĞƵƌŽƚƌĂŶƐŵŝƐƐŝŽŶ ǀŝĂ ĚŽǁŶƐƚƌĞĂŵ ĂĐƚŝǀĂƚŝŽŶ ŽĨ ƚŚĞ Z< 
ĂŶĚ W< ƉĂƚŚǁĂǇƐ ;WĞǌĞƚ Ğƚ Ăů͕͘ ϮϬϬϮď͕ ^ůĂĐŬ ĂŶĚ dŚŽŵƉƐŽŶ͕ ϮϬϬϮ͕ ^ůĂĐŬ Ğƚ Ăů͕͘ ϮϬϬϰ͕ ^ůĂĐŬ Ğƚ 
Ăů͕͘ ϮϬϬϱͿ͘  
3.1 BDNF as a pain modulator 
/Ŷ  ƚŚĞ  ĂĚƵůƚ͕  E&  ŝƐ  ĂŶ  ŝŵƉŽƌƚĂŶƚ  ŵŽĚƵůĂƚŽƌ  ŽĨ  ƐĞŶƐŽƌǇ  ƚƌĂŶƐŵŝƐƐŝŽŶ͕  ƉůĂǇŝŶŐ  Ă 
ƉĂƌƚŝĐƵůĂƌůǇ ŝŵƉŽƌƚĂŶƚ ƌŽůĞ ŝŶ ƌĞŐƵůĂƚŝŶŐ ŶŽĐŝĐĞƉƚŝǀĞ ƉĂƚŚǁĂǇƐ͘ >ĞǀĞůƐ ŽĨ E& ĂƌĞ ƵƉƌĞŐƵůĂƚĞĚ 
ŝŶ ŚƵŵĂŶ ĐŚƌŽŶŝĐ ƉĂŝŶĨƵů ƉĂƚŚŽůŽŐŝĞƐ ƐƵĐŚ ĂƐ ĂƌƚŚƌŝƚŝƐ ;ĚĞů WŽƌƚŽ Ğƚ Ăů͕͘ ϮϬϬϲ͕ 'ƌŝŵƐŚŽůŵ Ğƚ Ăů͕͘ 
ϮϬϬϴĂ͕ 'ƌŝŵƐŚŽůŵ Ğƚ Ăů͕͘ ϮϬϬϴďͿ͘ /Ŷ ƌĂƚƐ͕ ŝŶƚƌĂƉůĂŶƚĂƌ ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ E& ŝŶĚƵĐĞƐ ƚƌĂŶƐŝĞŶƚ 
ƚŚĞƌŵĂů  ŚǇƉĞƌĂůŐĞƐŝĂ  ƉŽƐƐŝďůǇ  ďǇ  ƐǁŝĨƚůǇ  ƐĞŶƐŝƚŝǌŝŶŐ  ƉĞƌŝƉŚĞƌĂů  ƐĞŶƐŽƌǇ  ŶĞƵƌŽŶƐ  ǀŝĂ  dƌŬ 
ƌĞĐĞƉƚŽƌ  ;^ŚƵ  Ğƚ  Ăů͕͘  ϭϵϵϵͿ͘ ĞůŝǀĞƌǇ  ŽĨ  E&  ĚŝƌĞĐƚůǇ  ƚŽ Z'Ɛ  ĐĂƵƐĞĚ ŵĞĐŚĂŶŝĐĂů  ĂůůŽĚǇŶŝĂ 
;ŚŽƵ Ğƚ  Ăů͕͘ ϮϬϬϬͿ  ĂŶĚ  ŝŶƚƌĂƚŚĞĐĂů ĚĞůŝǀĞƌǇ ŽĨ E&  ŝŶĚƵĐĞĚ ƉƌŽŵŝŶĞŶƚ ŽĨ  Đ‐&ŽƐ ĞǆƉƌĞƐƐŝŽŶ 
;dŚŽŵƉƐŽŶ Ğƚ Ăů͕͘ ϭϵϵϵͿ͕ ĂŶ ĞƐƚĂďůŝƐŚĞĚ ƐƉŝŶĂů ŵĂƌŬĞƌ ŽĨ ŶŽǆŝŽƵƐ  ŝŶƉƵƚ  ;ŽŐŐĞƐŚĂůů͕ ϮϬϬϱͿ͘  /Ŷ 
ƌĂƚƐ ƐƵďŵŝƚƚĞĚ  ƚŽ ƐĐŝĂƚŝĐ ŶĞƌǀĞ  ƚƌĂŶƐĞĐƚŝŽŶ͕ ĂůůŽĚǇŶŝĂ ǁĂƐ ĂůƐŽ ĚĞƉĞŶĚĞŶƚ ŽŶ E& ĂƐ  ŝƚ ǁĂƐ 
ĂƚƚĞŶƵĂƚĞĚ ďǇ ĚŝƌĞĐƚ ĂƉƉůŝĐĂƚŝŽŶ ƚŽ ŝŶũƵƌĞĚ Z'Ɛ ŽĨ ĂŶ ĂŶƚŝ‐E& ĂŶƚŝďŽĚǇ ;ŚŽƵ Ğƚ Ăů͕͘ ϮϬϬϬͿ͘ 
>ŝŬĞǁŝƐĞ͕  ƐŽŵĂƚŝĐ  ŚǇƉĞƌĂůŐĞƐŝĂ  ĐĂƵƐĞĚ  ďǇ  ŶĞƌǀĞ  ůŝŐĂƚŝŽŶ ǁĂƐ  ĂůƐŽ  ƌĞǀĞƌƚĞĚ  ďǇ  ĂŶ  ĂŶƚŝ‐E& 
ĂŶƚŝďŽĚǇ  ;&ƵŬƵŽŬĂ Ğƚ Ăů͕͘ ϮϬϬϭͿ͘ ZĂƚƐ  ƌĞĐĞŝǀŝŶŐ  ŝŶƚƌĂĚĞƌŵĂů  ŝŶũĞĐƚŝŽŶ ŽĨ  ĨŽƌŵĂůŝŶ  ;<Ğƌƌ Ğƚ Ăů͕͘ 
ϭϵϵϵ͕  dŚŽŵƉƐŽŶ  Ğƚ  Ăů͕͘  ϭϵϵϵͿ  Žƌ  ĐĂƌƌĂŐĞĞŶĂŶ  ;'ƌŽƚŚ  ĂŶĚ  ĂŶŽŶƐĞŶ͕  ϮϬϬϮͿ  ĂůƐŽ  ĚĞǀĞůŽƉĞĚ 
E&‐ĚĞƉĞŶĚĞŶƚ  ĐƵƚĂŶĞŽƵƐ  ŚǇƉĞƌƐĞŶƐŝƚŝǀŝƚǇ͘  dŚŝƐ  ƉĂŝŶ  ďĞŚĂǀŝŽƵƌ  ǁĂƐ  ƌĞǀĞƌƚĞĚ  ĂĨƚĞƌ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϯϵ
ŝŶƚƌĂƚŚĞĐĂů ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ Ă ƐĞƋƵĞƐƚĞƌŝŶŐ ĂŶƚŝďŽĚǇ͕ dƌŬ‐/Ő' ;<Ğƌƌ Ğƚ Ăů͕͘ ϭϵϵϵ͕ dŚŽŵƉƐŽŶ Ğƚ 
Ăů͕͘ ϭϵϵϵͿ͕ Žƌ ĂŶƚŝƐĞŶƐĞ ŽůŝŐŽĚĞŽǆǇŶƵĐůĞŽƚŝĚĞƐ ;'ƌŽƚŚ ĂŶĚ ĂŶŽŶƐĞŶ͕ ϮϬϬϮͿ͘  
ůƚŚŽƵŐŚ  ƚŚĞ  ƌŽůĞ  ŽĨ  E&  ŝŶ  ƐŽŵĂƚŝĐ  ƉĂŝŶ  ŝƐ  ǁĞůů  ĚŽĐƵŵĞŶƚĞĚ  ;WĞǌĞƚ  Ğƚ  Ăů͕͘  ϮϬϬϮĐ͕ 
DĞƌŝŐŚŝ  Ğƚ  Ăů͕͘  ϮϬϬϰ͕ DĞƌŝŐŚŝ  Ğƚ  Ăů͕͘  ϮϬϬϴͿ͕  ƌĞƉŽƌƚƐ  ĚĞƐĐƌŝďŝŶŐ  ƚŚĞ  ĐŽŶƚƌŝďƵƚŝŽŶ  ŽĨ  E&  ƚŽ 
ǀŝƐĐĞƌĂů ƉĂŝŶ ĂƌĞ ŵŽƌĞ ƌĞĐĞŶƚ ĂŶĚ ŽŶůǇ ĞǆŝƐƚ ŝŶ Ă ƐŵĂůů ŶƵŵďĞƌ͘ /Ŷ ŚƵŵĂŶƐ͕ ĂŶ ƵƉƌĞŐƵůĂƚŝŽŶ ŽĨ 
E& ŝŶ ƚŚĞ ŝŶĨůĂŵĞĚ ƉĂŶĐƌĞĂƐ͕ ƉƌĞƐĞŶƚ ŝŶ ŶĞƌǀĞ ĨŝďĞƌƐ͕ ŐůĂŶĚ ĂŶĚ ĚƵĐƚ ĐĞůůƐ͕ ǁĂƐ ŽďƐĞƌǀĞĚ ĂŶĚ 
ĐŽƌƌĞůĂƚĞĚ ǁŝƚŚ ƐĞǀĞƌĞ ƉĂŝŶ  ;ŚƵ Ğƚ Ăů͕͘ ϮϬϬϭͿ͘  ƌŽůĞ  ĨŽƌ E&  ŝŶ  ŝƌƌŝƚĂďůĞ ďŽǁĞů ĚŝƐĞĂƐĞ ŚĂƐ 
ĂůƐŽ  ďĞĞŶ  ƌĞĐĞŶƚůǇ  ƐƵŐŐĞƐƚĞĚ͕  ĂƐ  E&  ĞǆƉƌĞƐƐŝŽŶ  ŝŶ  ĐŽůŽŶ  ŵƵĐŽƐĂ  ǁĂƐ  ƵƉƌĞŐƵůĂƚĞĚ  ĂŶĚ 
ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ  ƐƚƌŽŶŐ  ĂďĚŽŵŝŶĂů ƉĂŝŶ  ŝŶ ƉĂƚŝĞŶƚƐ ǁŝƚŚ  ŝƌƌŝƚĂďůĞ ďŽǁĞů  ƐǇŶĚƌŽŵĞ  ;zƵ  Ğƚ  Ăů͕͘ 
ϮϬϭϮͿ͘ /ŶƚĞƌĞƐƚŝŶŐůǇ͕ E& ŚĞƚĞƌŽǌǇŐŽƵƐ ĚĞĨŝĐŝĞŶƚ ŵŝĐĞ ǁŝƚŚ ĐŽůŝƚŝƐ ƉƌĞƐĞŶƚĞĚ ƌĞĚƵĐĞĚ ĐŽůŽŶŝĐ 
ŚǇƉĞƌƐĞŶƐŝƚŝǀŝƚǇ ĂŶĚ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ  ŝŶ  ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ǁŝůĚ  ƚǇƉĞ  ůŝƚƚĞƌŵĂƚĞƐ  ;zĂŶŐ Ğƚ 
Ăů͕͘ ϮϬϭϬͿ͘  
dŚĞ ŵĞĐŚĂŶŝƐŵƐ ŽĨ E&‐ŵĞĚŝĂƚĞĚ ƉĂŝŶ ĂƌĞ  ƌĞůĂƚĞĚ ǁŝƚŚ ĚŽǁŶƐƚƌĞĂŵ ĂĐƚŝǀĂƚŝŽŶ ŽĨ  ƚŚĞ 
Z< ƉĂƚŚǁĂǇ Ăƚ ƚŚĞ ƐƉŝŶĂů ĐŽƌĚ ůĞǀĞů ;<Ğƌƌ Ğƚ Ăů͕͘ ϭϵϵϵ͕ WĞǌĞƚ Ğƚ Ăů͕͘ ϮϬϬϮď͕ >ĞǀĞƌ Ğƚ Ăů͕͘ ϮϬϬϯďͿ͕ 
ƌĂƉŝĚůǇ ĂĐƚŝǀĂƚĞĚ ĨŽůůŽǁŝŶŐ ƐŽŵĂƚŝĐ ĂŶĚ ǀŝƐĐĞƌĂů ŶŽǆŝŽƵƐ ƐƚŝŵƵůĂƚŝŽŶ ;:ŝ Ğƚ Ăů͕͘ ϭϵϵϵ͕ <Ăƌŝŵ Ğƚ Ăů͕͘ 
ϮϬϬϭ͕ 'ĂůĂŶ  Ğƚ  Ăů͕͘  ϮϬϬϮ͕ 'ĂůĂŶ  Ğƚ  Ăů͕͘  ϮϬϬϯ͕  <ĂǁĂƐĂŬŝ  Ğƚ  Ăů͕͘  ϮϬϬϰ͕ ƌƵǌ  Ğƚ  Ăů͕͘  ϮϬϬϱĂͿ͘  Z< 
ŝŶŚŝďŝƚŝŽŶ͕ ĂĐŚŝĞǀĞĚ ďǇ  ŝŶƚƌĂǀĞŶŽƵƐ Žƌ  ŝŶƚƌĂƚŚĞĐĂů ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ Z<  ŝŶŚŝďŝƚŽƌƐ͕ ŚĂƐ ďĞĞŶ 
ƐƵĐĐĞƐƐĨƵůůǇ ƵƐĞĚ  ƚŽ  ƌĞĚƵĐĞ ƉĂŝŶ ŽĨ  ƐŽŵĂƚŝĐ ĂŶĚ ǀŝƐĐĞƌĂů ŽƌŝŐŝŶ  ;:ŝ Ğƚ Ăů͕͘ ϮϬϬϮĂ͕ 'ĂůĂŶ Ğƚ Ăů͕͘ 
ϮϬϬϯ͕ ĚǁĂŶŝŬĂƌ Ğƚ Ăů͕͘ ϮϬϬϰ͕ <ĂǁĂƐĂŬŝ Ğƚ Ăů͕͘ ϮϬϬϰ͕ ƌƵǌ Ğƚ Ăů͕͘ ϮϬϬϱĂ͕ ƌƵǌ Ğƚ Ăů͕͘ ϮϬϬϱď͕ zƵ 
ĂŶĚ ŚĞŶ͕ ϮϬϬϱ͕ WĂŶŐ Ğƚ Ăů͕͘ ϮϬϬϴͿ͘   
3.2 BDNF in LUT 
>ŝƚƚůĞ  ŝƐ ŬŶŽǁŶ ĂďŽƵƚ  ƚŚĞ ĞǆƉƌĞƐƐŝŽŶ ŽĨ E&  ŝŶ  ƚŚĞ ďůĂĚĚĞƌ͕ ďŽƚŚ ĚƵƌŝŶŐ ĚĞǀĞůŽƉŵĞŶƚ 
ĂŶĚ  ŝŶ  ĂĚƵůƚŚŽŽĚ͕  Žƌ  Ă  ƉŽƚĞŶƚŝĂů  ƌŽůĞ  ŽĨ  E&  ŝŶ  ďůĂĚĚĞƌ  ĨƵŶĐƚŝŽŶ  ďŽƚŚ  ŝŶ  ŶŽƌŵĂů  ĂŶĚ  ŝŶ 
ƉĂƚŚŽůŽŐŝĐĂů ĐŽŶĚŝƚŝŽŶƐ͘  /Ŷ ŚƵŵĂŶƐ͕  ƚŚĞ ƉƌĞƐĞŶĐĞ ŽĨ E& ĂŶĚ  ŝƚƐ ŚŝŐŚ ĂĨĨŝŶŝƚǇ  ƌĞĐĞƉƚŽƌ dƌŬ 
ŚĂƐ  ďĞĞŶ  ĚĞƐĐƌŝďĞĚ  ŝŶ  ďůĂĚĚĞƌ  ĐĂŶĐĞƌ  ĐĞůůƐ  ;,ƵĂŶŐ  Ğƚ  Ăů͕͘  ϮϬϭϬ͕  >Ăŝ  Ğƚ  Ăů͕͘  ϮϬϭϬͿ  ďƵƚ  ƚŚĞŝƌ 
ĞǆƉƌĞƐƐŝŽŶ ŝŶ ŚĞĂůƚŚǇ ƚŝƐƐƵĞ ŚĂƐ ŶŽƚ ďĞĞŶ ƐƚƵĚŝĞĚ͘ /Ŷ ƚŚĞ ƌĂƚ͕ ƚŚĞ ŵĂũŽƌ ƐŽƵƌĐĞ ŽĨ E& ƐĞĞŵƐ 
ƚŽ ďĞ ƚŚĞ ƵƌŽƚŚĞůŝƵŵ ďŽƚŚ ŝŶ ƚŚĞ ĞŵďƌǇŽ ĂŶĚ ŝŶ ĂĚƵůƚ ;>ŽŵŵĂƚǌƐĐŚ Ğƚ Ăů͕͘ ϭϵϵϵ͕ >ŽŵŵĂƚǌƐĐŚ Ğƚ 
Ăů͕͘ ϮϬϬϱͿ͘  /Ŷ ƌĂƚƐ͕  ŝƚ ŚĂƐ ďĞĞŶ ƉƌŽƉŽƐĞĚ ƚŚĂƚ ƚŚĞ ĚǇŶĂŵŝĐ ƉĂƚƚĞƌŶ ŽĨ E& ĞǆƉƌĞƐƐŝŽŶ ĚƵƌŝŶŐ 
ĚĞǀĞůŽƉŵĞŶƚ͕  ǁŝƚŚ  ĞǆƉƌĞƐƐŝŽŶ  ƉĞĂŬƐ  Ăƚ  Wϱ  ĂŶĚ  WϭϬ͕  ŵĂǇ  ƌĞĨůĞĐƚ  ƚŚĞ  ƌĞƉůĂĐĞŵĞŶƚ  ŽĨ  ƚŚĞ 
ŝŵŵĂƚƵƌĞ  ƐƉŝŶĂů ŵŝĐƚƵƌŝƚŝŽŶ  ƌĞĨůĞǆ  ďǇ  ƚŚĞ  ƐƉŝŶŽďƵůďŽƐƉŝŶĂů  ƌĞĨůĞǆ  ƉĂƚŚǁĂǇ͕  ǁŚŝĐŚ  ŐŽǀĞƌŶƐ 
ŵŝĐƚƵƌŝƚŝŽŶ ŝŶ ĂĚƵůƚ ĂŶŝŵĂůƐ ;&ŽǁůĞƌ Ğƚ Ăů͕͘ ϮϬϬϴͿ͘ &ŝŶĂůůǇ͕ ĂůƚŚŽƵŐŚ ƚŚĞ ƉƌĞĐŝƐĞ ƐŽƵƌĐĞ ŝƐ ǇĞƚ ƚŽ 
ďĞ  ĨƵůůǇ  ĞƐƚĂďůŝƐŚĞĚ͕  E&  ĐĂŶ  ĂůƐŽ  ďĞ  ĨŽƵŶĚ  ŝŶ  ƐŵĂůů  ƋƵĂŶƚŝƚŝĞƐ  ŝŶ  ƚŚĞ  ƵƌŝŶĞ  ŽĨ  ŚĞĂůƚŚǇ 
ŝŶĚŝǀŝĚƵĂůƐ ;ŶƚƵŶĞƐ‐>ŽƉĞƐ Ğƚ Ăů͕͘ ϮϬϭϯͿ͘ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϰϬ
3.2.1 BDNF and bladder dysfunction 
ĞĐĂƵƐĞ  ŝŶ  ƐĞŶƐŽƌǇ  ŶĞƵƌŽŶƐ  E&  ĞǆƉƌĞƐƐŝŽŶ  ŝƐ  ƵƉƌĞŐƵůĂƚĞĚ  ĨŽůůŽǁŝŶŐ  E'&  ĞǆƉŽƐƵƌĞ 
;DŝĐŚĂĞů Ğƚ Ăů͕͘ ϭϵϵϳ͕ <Ğƌƌ Ğƚ Ăů͕͘ ϭϵϵϵͿ͕  ŝƚ  ŝƐ ŽĨ  ŝŶƚĞƌĞƐƚ ƚŽ ĂƐƐĞƐƐ ƚŚĞ ƌŽůĞ ŽĨ E&  ŝŶ ďůĂĚĚĞƌ 
ĚǇƐĨƵŶĐƚŝŽŶ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ ŚŝŐŚ E'& ůĞǀĞůƐ͘ /ŶĚĞĞĚ͕ ŝŶ K ĂŶĚ W^ͬ/ ƉĂƚŝĞŶƚƐ͕ ƵƌŝŶĂƌǇ E& 
ǁĂƐ ĞůĞǀĂƚĞĚ ĂŶĚ ĐŽƌƌĞůĂƚĞĚ ǁŝƚŚ ƵƌŐĞŶĐǇ͕  ĨƌĞƋƵĞŶĐǇ ĂŶĚ ƉĂŝŶ  ;WŝŶƚŽ Ğƚ Ăů͕͘ ϮϬϭϬď͕ ŶƚƵŶĞƐ‐
>ŽƉĞƐ Ğƚ Ăů͕͘ ϮϬϭϯͿ͘ &ŽůůŽǁŝŶŐ ƐƵĐĐĞƐƐĨƵů ƚƌĞĂƚŵĞŶƚ͕ ƵƌŝŶĂƌǇ E& ǁĂƐ ĚŽǁŶƌĞŐƵůĂƚĞĚ ;WŝŶƚŽ Ğƚ 
Ăů͕͘ ϮϬϭϬď͕ ŶƚƵŶĞƐ‐>ŽƉĞƐ Ğƚ Ăů͕͘ ϮϬϭϯͿ  
/Ŷ ƌĂƚƐ͕ ƚŚĞ ĞǆƉƌĞƐƐŝŽŶ E& ŵZE  ŝŶ ƚŚĞ ďůĂĚĚĞƌ  ŝƐ  ŝŶĐƌĞĂƐĞĚ ĨŽůůŽǁŝŶŐ ĐǇƐƚŝƚŝƐ  ŝŶĚƵĐĞĚ 
ďǇ  ŝŶƚƌĂƉĞƌŝƚŽŶĞĂů  ŝŶũĞĐƚŝŽŶ  ŽĨ  ĐǇĐůŽƉŚŽƐƉŚĂŵŝĚĞ  ;zWͿ  ;sŝǌǌĂƌĚ͕  ϮϬϬϬͿ  Žƌ  ŝŶƐƚŝůůĂƚŝŽŶ  ŽĨ 
ƚƵƌƉĞŶƚŝŶĞ ;KĚĚŝĂŚ Ğƚ Ăů͕͘ ϭϵϵϴͿ͘ /ŶƚĞƌĞƐƚŝŶŐůǇ͕ E& ĞǆƉƌĞƐƐŝŽŶ ŝƐ ĂůƐŽ ƵƉƌĞŐƵůĂƚĞĚ ŝŶ ďůĂĚĚĞƌ 
ƐĞŶƐŽƌǇ  ĂĨĨĞƌĞŶƚƐ  ŝŶ  ƌĂƚƐ ǁŝƚŚ  ĐŽůŝƚŝƐ  ŝŶĚƵĐĞĚ ďǇ  ŝŶƚƌĂĐŽůŽŶŝĐ  ŝƌƌŝŐĂƚŝŽŶ ǁŝƚŚ  ƚƌŝ‐ŶŝƚƌŽďĞŶǌĞŶĞ 
ƐƵůĨŽŶŝĐ ĂĐŝĚ ;dE^Ϳ ;YŝĂŽ ĂŶĚ 'ƌŝĚĞƌ͕ ϮϬϬϳͿ͕ ƐƵŐŐĞƐƚŝŶŐ ƚŚĂƚ E& ŵĂǇ ƉĂƌƚŝĐŝƉĂƚĞ ŝŶ ĐŽůŽŶ‐ƚŽ‐
ďůĂĚĚĞƌ ĐƌŽƐƐ‐ƐĞŶƐŝƚŝǌĂƚŝŽŶ͘ /Ŷ ƌĂƚƐ ǁŝƚŚ ŶĞƵƌŽŐĞŶŝĐ ĚĞƚƌƵƐŽƌ ŽǀĞƌĂĐƚŝǀŝƚǇ ;EKͿ ƌĞƐƵůƚŝŶŐ ĨƌŽŵ 
^/͕ E& ŵZE  ŝƐ ĂůƐŽ ƵƉƌĞŐƵůĂƚĞĚ  ŝŶ ƚŚĞ ďůĂĚĚĞƌ  ;sŝǌǌĂƌĚ͕ ϮϬϬϬͿ͘ dŚĞ ĐŽŶĐĞŶƚƌĂƚŝŽŶ ŽĨ ƚŚĞ 
ƉƌŽƚĞŝŶ ŝƐ ĂůƐŽ ŝŶĐƌĞĂƐĞĚ ŝŶ ƚŚĞ >ϲͬ^ϭ ƐƉŝŶĂů ĐŽƌĚ ƐĞŐŵĞŶƚƐ ;ǀĂƌŽǀĂ Ğƚ Ăů͕͘ ϮϬϬϰͿ͘ ĐĐŽƌĚŝŶŐůǇ͕ 
ĨŽůůŽǁŝŶŐ ĐǇƐƚŝƚŝƐ ĂŶĚ ^/͕ ƚŚĞƌĞ  ŝƐ  ŝŶĐƌĞĂƐĞĚ ĞǆƉƌĞƐƐŝŽŶ ĂŶĚ ĂĐƚŝǀĂƚŝŽŶ ŽĨ ƚŚĞ dƌŬ ƌĞĐĞƉƚŽƌ  ŝŶ 
ďůĂĚĚĞƌ ƐĞŶƐŽƌǇ ŶĞƵƌŽŶƐ ;YŝĂŽ ĂŶĚ sŝǌǌĂƌĚ͕ ϮϬϬϮĂ͕ YŝĂŽ ĂŶĚ sŝǌǌĂƌĚ͕ ϮϬϬϮďͿ͕ ǁŚŝĐŚ ƐƵŐŐĞƐƚƐ 
ƚŚĂƚ E& ŝƐ ƵƉ‐ƚĂŬĞŶ ďǇ ďůĂĚĚĞƌ ĂĨĨĞƌĞŶƚƐ͘ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϰϭ
4. Goals
&ƌŽŵ ƚŚĞ ƉƌĞƐĞŶƚ ƌĞǀŝĞǁ͕ ŝƚ ďĞĐŽŵĞƐ ĞǀŝĚĞŶƚ ƚŚĂƚ ŵĂŶǇ ŝƐƐƵĞƐ ƌĞŐĂƌĚŝŶŐ ƚŚĞ ŝŵƉŽƌƚĂŶĐĞ ŽĨ 
ŶĞƵƌŽƚƌŽƉŚŝŶƐ ŝŶ ƚŚĞ ďůĂĚĚĞƌ ƌĞŵĂŝŶ ƵŶƌĞƐŽůǀĞĚ͘ /ŶĚĞĞĚ͕ E'& ŝƐ ĐůĞĂƌůǇ ƚŚĞ ŵŽƐƚ ǁĞůů ƐƚƵĚŝĞĚ 
ŶĞƵƌŽƚƌŽƉŚŝŶ  ŝŶ ƚŚĞ >hd ǁŝƚŚ  ůŝƚƚůĞ ĚĂƚĂ ĂǀĂŝůĂďůĞ ĂďŽƵƚ ŽƚŚĞƌ EdƐ͘ /Ŷ ƌĞƐƉĞĐƚ ƚŽ E'&͕  in vitro 
ĂƐƐĂǇƐ ĂŶĚ  ƐƚƵĚŝĞƐ  ĨŽĐƵƐŝŶŐ ŽŶ  ƐŽŵĂƚŝĐ  ƐĞŶƐĂƚŝŽŶ ŚĂǀĞ ĞƐƚĂďůŝƐŚĞĚ ĚŽǁŶƐƚƌĞĂŵ  ƚĂƌŐĞƚƐ ĂŶĚ 
ĞĨĨĞĐƚŽƌƐ ŽĨ E'& ďƵƚ  ŝƚ  ŝƐ ƵŶĐůĞĂƌ  ŝĨ ƚŚŝƐ ŬŶŽǁůĞĚŐĞ ĐĂŶ ďĞ ĞǆƉĂŶĚĞĚ ƚŽ ƌĞŐƵůĂƚŝŽŶ ŽĨ ďůĂĚĚĞƌ 
ƐĞŶƐĂƚŝŽŶ ĂŶĚ ĨƵŶĐƚŝŽŶ͘ DŽƌĞŽǀĞƌ͕ ƚŚĞƌĞ ŝƐ ĐŽŶƐŝĚĞƌĂďůǇ ůĞƐƐ ĚĂƚĂ ƌĞŐĂƌĚŝŶŐ ƚŚĞ ŝŵƉŽƌƚĂŶĐĞ ŽĨ 
ŽƚŚĞƌ ŶĞƵƌŽƚƌŽƉŚŝŶƐ  ŝŶ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ͕ ŵŽƐƚ ŶŽƚĂďůǇ E&͕ ŽŶĞ ŽĨ ƚŚĞ ŵŽƐƚ ĂďƵŶĚĂŶƚ EdƐ͘ 
dŚĞƌĞĨŽƌĞ͕ ƚŚĞ ƉƌĞƐĞŶƚ ǁŽƌŬ ŚĂĚ ƚŚƌĞĞ ŵĂŝŶ ŐŽĂůƐ͕ ƚŚĞ ĨŝƌƐƚ ƚǁŽ ƌĞůĂƚĞĚ ǁŝƚŚ E& ĂŶĚ ƚŚĞ ůĂƐƚ 
ŽŶĞ ĨŽĐƵƐŝŶŐ ŽŶ E'&͘ tĞ ƉƌŽƉŽƐĞĚ ƚŽ ĂĚĚƌĞƐƐ ƚŚĞ ĨŽůůŽǁŝŶŐ ƉŽŝŶƚƐ͗ 
ϭ͘ dŽ ƐƚƵĚǇ ƚŚĞ ƌŽůĞ ŽĨ E& ŝŶ ŝŶĨůĂŵŵĂƚŝŽŶ‐ŝŶĚƵĐĞĚ ďůĂĚĚĞƌ ĚǇƐĨƵŶĐƚŝŽŶ ĂŶĚ ƉĂŝŶ͘
Ϯ͘ dŽ ƐƚƵĚǇ ƚŚĞ ƌŽůĞ ŽĨ E& ŝŶ ĞƐƚĂďůŝƐŚŝŶŐ ĂŶĚ ŵĂŝŶƚĞŶĂŶĐĞ ŽĨ EK͘
ϯ͘ dŽ ĞǀĂůƵĂƚĞ  ŝĨ  ƚŚĞ  ŝŶƚĞƌƉůĂǇ ďĞƚǁĞĞŶ E'& ĂŶĚ dZWsϭ͕  ŝŵƉŽƌƚĂŶƚ  ĨŽƌ  ƐŽŵĂƚŝĐ ƉĂŝŶ͕  ŝƐ
ĂůƐŽ ŽƉĞƌĂƚŝŶŐ ĚƵƌŝŶŐ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ ĂŶĚ ƉĂŝŶ ĂƌŝƐŝŶŐ ĚƵƌŝŶŐ ŝŶĨůĂŵŵĂƚŝŽŶ͘
dŚĞ ĂŶƐǁĞƌƐ  ƚŽ ƚŚĞƐĞ  ŝƐƐƵĞƐ ĐĂŶ ďĞ  ĨŽƵŶĚ  ŝŶ ƚŚŝƐ ƚŚĞƐŝƐ͕ ǁŚŝĐŚ ĐŽŵƉƌŝƐĞƐ ƚŚƌĞĞ ƉƵďůŝƐŚĞĚ 
ƉĂƉĞƌƐ ĂŶĚ ŽŶĞ ƵŶƉƵďůŝƐŚĞĚ ŵĂŶƵƐĐƌŝƉƚ͘ 
dŚĞ  ŝŵƉŽƌƚĂŶĐĞ ŽĨ E&  ŝŶ  ĐǇƐƚŝƚŝƐ  ĂŶĚ  ǀŝƐĐĞƌĂů  ƉĂŝŶ ǁĂƐ  ŝŶǀĞƐƚŝŐĂƚĞĚ  ĂŶĚ  ƌĞƐƵůƚƐ ǁĞƌĞ 
ƉƵďůŝƐŚĞĚ  ŝŶ ƚǁŽ ƉĂƉĞƌƐ͘  /ƚ ǁĂƐ ŽďƐĞƌǀĞĚ ƚŚĂƚ  ŝŶƚƌĂƚŚĞĐĂů E& ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ĐĂƵƐĞĚ ƐŚŽƌƚ‐
ůĂƐƚŝŶŐ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ ĂŶĚ ƉĂŝŶ  ŝŶ  ƚŚĞ  ůŽǁĞƌ ĂďĚŽŵĞŶ ĂŶĚ ŚŝŶĚƉĂǁƐ͘  /Ŷ ĂŶŝŵĂůƐ ǁŝƚŚ 
ĐǇƐƚŝƚŝƐ  ŝŶĚƵĐĞĚ ďǇ  ŝŶƚƌĂƉĞƌŝƚŽŶĞĂů  ŝŶũĞĐƚŝŽŶ ŽĨ zW͕ ďůĂĚĚĞƌ ĂŶĚ ƐƉŝŶĂů ĐŽƌĚ E&  ůĞǀĞůƐ ǁĞƌĞ 
ƵƉƌĞŐƵůĂƚĞĚ͘  /ŶƚƌĂǀĞŶŽƵƐ  ĂŶĚ  ŝŶƚƌĂƚŚĞĐĂů  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  ŽĨ  dƌŬ‐/ŐϮ͕  Ă  ƌĞĐŽŵďŝŶĂŶƚ  ƉƌŽƚĞŝŶ 
ƚŚĂƚ ŶĞƵƚƌĂůŝǌĞƐ E&͕ ĞĨĨĞĐƚŝǀĞůǇ ŝŵƉƌŽǀĞĚ ďůĂĚĚĞƌ ĚǇƐĨƵŶĐƚŝŽŶ ĂŶĚ ƉĂŝŶ ǁĂƐ ĂďŽůŝƐŚĞĚ͘ dŚĞƐĞ 
ƌĞƐƵůƚƐ  ŝŶĚŝĐĂƚĞ  ƚŚĂƚ E&  ŝƐ ĂŶ  ŝŵƉŽƌƚĂŶƚ ŵĞĚŝĂƚŽƌ  ŝŶ ǀŝƐĐĞƌĂů ƉĂŝŶ ĂŶĚ ďůĂĚĚĞƌ ĚǇƐĨƵŶĐƚŝŽŶ 
ĚƵƌŝŶŐ ŝŶĨůĂŵŵĂƚŝŽŶ ;&ƌŝĂƐ Ğƚ Ăů͕͘ ϮϬϭϮď͕ &ƌŝĂƐ Ğƚ Ăů͕͘ ϮϬϭϯͿ͘  
dŚĞ ƌŽůĞ ŽĨ E&  ŝŶ ƚŚĞ ĞŵĞƌŐĞŶĐĞ ĂŶĚ ŵĂŝŶƚĞŶĂŶĐĞ ŽĨ EK  ŝŶ ĂŶŝŵĂůƐ ǁŝƚŚ Ă ĐŽŵƉůĞƚĞ 
ƐƉŝŶĂů  ĐŽƌĚ  ƚƌĂŶƐĞĐƚŝŽŶ ǁĂƐ ĂůƐŽ ĂĚĚƌĞƐƐĞĚ͘ ZĞƐƵůƚƐ  ƐŚŽǁ Ă  ƚŝŵĞ‐ĚĞƉĞŶĚĞŶƚ ƵƉƌĞŐƵůĂƚŝŽŶ  ŝŶ 
ƐƉŝŶĂů  E&͕  ĂĐĐŽŵƉĂŶŝĞĚ  ďǇ  ƚŚĞ  ĞƐƚĂďůŝƐŚŝŶŐ  ŽĨ  EK͘  E&  ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ƌĞƐƵůƚĞĚ  ŝŶ  ĂŶ 
ĞĂƌůŝĞƌ ĂƉƉĞĂƌĂŶĐĞ ŽĨ EK ƚŽŐĞƚŚĞƌ ǁŝƚŚ ƉƌĞŵĂƚƵƌĞ ƐƉƌŽƵƚŝŶŐ ŽĨ ďůĂĚĚĞƌ ĂĨĨĞƌĞŶƚ͕ ĐŽŶĨŝƌŵĞĚ 
ďǇ ĐĞůů ĐƵůƚƵƌĞ ĂƐƐĂǇƐ͘ KŶ ƚŚĞ ĐŽŶƚƌĂƌǇ͕ ŝŶƚƌĂƚŚĞĐĂů E& ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ͕ ŝŶŝƚŝĂƚĞĚ ŝŵŵĞĚŝĂƚĞůǇ 
ĂĨƚĞƌ ^/͕ ĚĞůĂǇƐ ƚŚĞ ĞŵĞƌŐĞŶĐĞ ŽĨ EK͘ dŚĞƐĞ ƌĞƐƵůƚƐ ŝŶĚŝĐĂƚĞ ƚŚĂƚ͕ ĨŽůůŽǁŝŶŐ ^/͕ E& ŚĂƐ Ă 
ƉƌŽƚĞĐƚŝǀĞ ƌŽůĞ ĨŽƌ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ͕ ƉŽƐƐŝďůǇ ďǇ ĚĞƉƌĞƐƐŝŶŐ ƚŚĞ ĞƐƚĂďůŝƐŚŵĞŶƚ ŽĨ EK ĚƵƌŝŶŐ 
ƚŚĞ ŶĂƚƵƌĂů ĐŽƵƌƐĞ ŽĨ ƚŚĞ ƉĂƚŚŽůŽŐǇ͘ dŚŝƐ ŵĂŶƵƐĐƌŝƉƚ ŚĂƐ ĂůƌĞĂĚǇ ďĞĞŶ ƐƵďŵŝƚƚĞĚ͘ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϰϮ
/Ŷ ƚŚĞ ůĂƐƚ ƉĂƉĞƌ͕ ƚŚĞ ŝŶƚĞƌĂĐƚŝŽŶ ďĞƚǁĞĞŶ dZWsϭ ĂŶĚ E'& ǁĂƐ ŝŶǀĞƐƚŝŐĂƚĞĚ ŝŶ ƵƐŝŶŐ ǁŝůĚ‐
ƚǇƉĞ ;tdͿ ĂŶĚ dZWsϭ ŬŶŽĐŬ‐ŽƵƚ ;<KͿ ŵŝĐĞ͘ ŶŝŵĂůƐ ǁĞƌĞ ƐƵďŵŝƚƚĞĚ ƚŽ ƉƌŽůŽŶŐĞĚ ĞǆƉŽƐƵƌĞ ƚŽ 
E'&  ĂŶĚ  ƚŚĞ  ĞĨĨĞĐƚƐ  ŽŶ  ďůĂĚĚĞƌ  ƌĞĨůĞǆ  ĂĐƚŝǀŝƚǇ  ĂŶĚ  ďůĂĚĚĞƌ‐ŐĞŶĞƌĂƚĞĚ  ŶŽǆŝŽƵƐ  ŝŶƉƵƚ  ǁĞƌĞ 
ĂŶĂůǇǌĞĚ͘ ZĞƐƵůƚƐ ŽďƚĂŝŶĞĚ  ƐŚŽǁ  ƚŚĂƚ  ƚŚĞ E'&ͬdZWsϭ ŵŽĚƵůĞ  ƌĞŵĂŝŶƐ ŽƉĞƌĂƚŝǀĞ  ŝŶ  ĐĂƐĞƐ ŽĨ 
ǀŝƐĐĞƌĂů ƉĂŝŶ ĂŶĚ ĞƐƚĂďůŝƐŚĞƐ dZWsϭ ĂƐ ĂŶ ĞƐƐĞŶƚŝĂů ďŽƚƚůĞŶĞĐŬ  ƚŚĞƌĂƉĞƵƚŝĐ  ƚĂƌŐĞƚ  ĨŽƌ ďůĂĚĚĞƌ 
ƉĂƚŚŽůŽŐŝĞƐ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ E'& ƵƉ‐ƌĞŐƵůĂƚŝŽŶ ;&ƌŝĂƐ Ğƚ Ăů͕͘ ϮϬϭϮĂͿ͘ 
ůů ĞǆƉĞƌŝŵĞŶƚƐ ǁĞƌĞ ĐĂƌƌŝĞĚ ŽƵƚ ĂĐĐŽƌĚŝŶŐ  ƚŽ  ƚŚĞ ƵƌŽƉĞĂŶ ŽŵŵŝƐƐŝŽŶ ŝƌĞĐƚŝǀĞ ŽĨ ϮϮ 
^ĞƉƚĞŵďĞƌ  ϮϬϭϬ  ;ϮϬϭϬͬϲϯͬhͿ  ĂŶĚ  ƚŚĞ  ĞƚŚŝĐĂů  ŐƵŝĚĞůŝŶĞƐ  ĨŽƌ  ŝŶǀĞƐƚŝŐĂƚŝŽŶ  ŽĨ  ĞǆƉĞƌŝŵĞŶƚĂů 
ƉĂŝŶ ŝŶ ĂŶŝŵĂůƐ ;ŝŵŵĞƌŵĂŶŶ͕ ϭϵϴϯͿ͘ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϰϯ
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Abstract: The lower urinary tract (LUT) comprises a storage unit, the urinary bladder, and an outlet, the urethra. The
coordination between the two structures is tightly controlled by the nervous system and, therefore, LUT function is highly 
susceptible to injuries to the neuronal pathways involved in micturition control. These injuries may include lesions to the 
spinal cord or to nerve fibres and result in micturition dysfunction. A common trait of micturition pathologies, irrespective 
of its origin, is an upregulation in synthesis and secretion of neurotrophins, most notably Nerve Growth Factor (NGF) and 
Brain Derived Neurotrophic Factor (BDNF). These neurotrophins are produced by neuronal and non-neuronal cells and 
exert their effects upon binding to their high-affinity receptors abundantly expressed in the neuronal circuits regulating 
LUT function. In addition, NGF and BDNF are present in detectable amounts in the urine of patients suffering from 
various LUT pathologies, suggesting that analysis of urinary NGF and BDNF may serve as likely biomarkers to be 
studied in tandem with other factors when diagnosing patients. Studies with experimental models of bladder dysfunction 
using antagonists of NGF and BDNF receptors as well as scavenging agents suggest that those NTs may be key elements 
in the pathophysiology of bladder dysfunctions. In addition, available data indicates that NGF and BDNF might constitute 
future targets for designing new drugs for better treatment of bladder dysfunction. 
Keywords: NGF, BDNF, Trk receptors, bladder, LUT.
INTRODUCTION 
The lower urinary tract (LUT) is composed of the urinary 
bladder, essential storage unit, and the urethra that allows for 
urine elimination. The storage and periodic elimination of 
urine depend on the coordinated activity of those organs [1], 
which receive sensory (Adelta and C-fibres), parasympa-
thetic and sympathetic innervations. The strict control of 
LUT function is dependent on a set of on-off switching neu-
ronal circuits. During storage, the smooth and striated parts 
of the urethral sphincter receive excitatory sympathetic in-
put, preventing involuntary bladder emptying, whereas the 
parasympathetic innervation of the detrusor muscle of the 
bladder remains inhibited [2, 3]. Bladder contraction is initi-
ated upon activation of sensory mechanisms that detect a 
sudden increase in intravesical pressure. The parasympa-
thetic innervation is then activated, providing excitatory in-
put to the detrusor. At the same time, the sympathetic drive 
to the bladder neck and urethra is interrupted. As a result, the 
sphincter relaxes preceeding detrusor contraction, necessary 
to eliminate urine [1, 4]. In addition, supraspinal centres also 
contribute to regulation of bladder function, providing an-
other level of complexity to micturition control. Thus, it 
comes as no surprise that regulation of LUT function is sen-
sitive to a variety of injuries that jeopardize normal bladder 
control. Such injuries include infections and neuronal lesions 
(spinal cord injury, cerebrovascular accidents, Parkinson 
disease…) but, in some cases, are difficult to identify. One 
*Address correspondence to this author at the Department of Experimental
Biology, Faculty of Medicine of Porto, Alameda Hernâni Monteiro, 4200-319 
Porto, Portugal; Tel: + 351 22551 3654; Fax: + 351 22551 3655;  
E-mail: ccruz@med.up.pt 
common trait of bladder dysfunction, irrespective of its 
origin, is increased synthesis and release of NTs in urine 
and LUT tissue. 
NEUROTROPHINS (NTs) 
Neurotrophins (NTs) are a well characterized family of 
growth factors playing important roles in survival, growth 
and differentiation of developing neuronal populations of the 
central and peripheral nervous systems [5-7]. In the adult, 
NTs may also contribute to the modulation of pre-existing 
synapses, thereby influencing synaptic transmission [6, 8]. 
The NTs family comprises several members, the most stud-
ied and discussed in the present review being Nerve Growth 
Factor (NGF) and Brain-Derived Neurotrophic Factor 
(BDNF). All NTs are synthesized as pro-molecules consti-
tuted by a pair of ,  and  subunits. Following synthesis
and subsequent exocytosis, proneurotrophins suffer a prote-
olytic cleavage by extracellular proteases to form mature 
NTs, constituted exclusively by  subunits. This represents a
mechanism that controls the specificity action of NTs [6]. It 
is traditionally accepted that NTs are synthesized and re-
leased by peripheral tissues and retrogradely transported 
to the soma of sensory neurons. This is the basis of the so-
called neurotrophic theory [9]. 
NTs exert their effects upon binding to their low-affinity 
receptor p75
NTR
 or to their high-affinity tyrosine kinase (Trk)
receptor [6, 10, 11]. Trk receptors are a family of cell surface 
transmembrane glycoproteins encoded by trk proto onco-
genes. These receptors have a similar structure: an intracellu-
lar tyrosine kinase domain, a short transmembranar sequence 
and an extracellular region containing a signal peptide, two 
cysteine-rich domains, a cluster of three leucine-rich motifs 
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and two Ig-like domains. The second Ig-like domain is the 
major ligand-binding region and each Trk receptor has a 
different sequence which is specific for each ligand. The 
extracellular portions of the Trk receptors are less conserved 
than the intracellular domains, which accounts for the 
variability necessary for the specific recognition of each 
NT [12].  
Trk receptors may be expressed as dimers, with or with-
out the presence of p75
NTR
. If the ratio p75
NTR
/Trk is high or
if p75
NTR
 is expressed in the absence of Trk, binding of neu-
rotrophins may promote apoptosis [12, 13]. If the ratio 
p75
NTR
/Trk is low, binding of tissue-derived neurotrophins to
their specific Trk receptor will promote cell survival, among 
other cellular functions, by inducing downstream activation 
of different intracellular transduction pathways, such as 
ras-raf-MAPK, PI3K-Akt-GSKIII, PLC-DAG-PKC and
S6kinase pathway [12, 14].  
NERVE GROWTH FACTOR (NGF) 
NGF was the first member of the neurotrophin family to 
be described [15]. This NT may be synthesized by neurons 
and non-neuronal cells, including cells from the salivary 
glands [16, 17], epithelial [18-21] and mast cells [13]. NGF 
plays an essential role during the development of the periph-
eral nervous system, regulating the survival and function of 
postganglionic sympathetic neurons and small diameter pri-
mary afferents [6, 9, 22-24,]. In addition, several studies 
show that NGF is crucial for altered pain states [25-28]. Sen-
sory neurons responding to NGF belong to the small and 
medium diameter groups of sensory afferents. Upon binding 
to TrkA, its high-affinity receptor, NGF may induce the ex-
pression of several genes that code for various neurotrans-
mitters, receptors and voltage-gated ion channels [6, 29]. 
Examples of genes regulated by NGF include the ones cod-
ing for P2X3 (ATP receptor), ASIC 3 (Acid-sensitive ion 
channel 3), neuropeptides (such as Substance P and CGRP, 
Calcitonin gene-related peptide) and other neurotrophins 
(such as BDNF) [6, 30]. Thus, it is clear that NGF may in-
duce long-term alterations in the sensory system and may, 
therefore, contribute to long-lasting phenotypic changes oc-
curring during chronic painful conditions. NGF may also 
contribute to altered peripheral sensitivity by regulating post-
translational modification of pre-existent membrane recep-
tors, most notably Transient Receptor Potential Vanilloid 1 
(TRPV1) [31-33]. Interestingly, whereas post-translational 
events occur shortly after TrkA activation, NGF-mediated 
transcriptional control is likely to take many hours or even 
days, suggesting that the time span for NGF-induced events 
is broad.  
NGF may also regulate peripheral sensitivity by modulat-
ing the crosstalk between TRPV1 with other receptors, 
namely cannabinoid receptor 1 (CB1), which has been 
shown to be co-expressed with TRPV1 in sensory neurons 
[34, 35, 36]. The endogenous cannabinoid anandamide has 
long been established as a CB1 agonist [37]. Its role as a 
TRPV1 agonist was established more recently [34, 36, 38]. 
In rats, exogenous application of anandamide to the bladder 
induced bladder overactivity and spinal expression of the 
pain evoked immediate early gene c-fos in a capsazepine, a
TRPV1 antagonist, dependent manner [38]. In cultured sen-
sory neurons, it was shown that anandamide regulates CGRP 
release from TRPV1-expressing neurons [36]. Both studies 
demonstrated that blockade of CB1 potentiated the excitatory 
effects of anandamide [36, 38], suggesting that anandamide 
could have an excitatory effect via TRPV1 and an inhibitory
one via CB1, mostly likely depending on its concentration.
Indeed, while at low concentrations anandamide lead to a 
CB1-mediated inhibition of neuropeptide release, at higher 
concentration anandamide evoked the opposite in a TRPV1-
dependent fashion [39, 40]. NGF levels are critical for the 
imbalance between the excitatory and inhibitory effects of 
anandamide [41]. If levels of NGF are high, TRPV1 expres-
sion is upregulated and CB1 activation by anandamide po-
tentiates rather, than inhibits, Ca
2+
 entry via TRPV1 [41].
This is particularly relevant as in inflammatory conditions, 
such as cystitis, NGF levels increase and contributes to al-
tered pain states and bladder overactivity [6, 7]. The interac-
tion between NGF and CB1 could also occur in a direct 
manner, rather than via TRPV1. Indeed, CB1 was shown to
co-localize with TrkA, although its expression does not seem 
to be mediated by NGF [35]. It was further demonstrated that 
NGF-induced thermal and visceral hyperalgesia were re-
duced by CB1 and CB2 activation by anandamide and en-
hanced following CB blockade [42-44]. Further studies are 
warranted to better understand the relation between cannabi-
noid signaling and NGF.  
NGF AND BLADDER OUTLET OBSTRUCTION 
The first evidence suggesting a role for NGF in the LUT 
came from the pioneer studies of Steers and co-workers who 
studied the effects of bladder outlet obstruction (BOO) on 
NGF contents present in the urinary bladder. BOO is a 
highly common condition among men caused by benign 
prostatic hyperplasia. It has been shown that in human BOO 
patients, as well as in animals with obstructed urethras, the 
levels of NGF in the bladder were significantly increased 
[45]. In addition, following experimental BOO, bladder sen-
sory afferents were hypertrophied [45-47], a change accom-
panied by a peak in NGF concentration [45]. Interestingly, 
relief of obstruction lead to a partial reversal of neuronal 
hypertrophy and a decrease in the high NGF levels [45]. 
Moreover, the spinal expression of GAP-43, a known marker 
of axonal sprouting, was upregulated in BOO rats. This was 
not observed in NGF-immune rats, confirming the pivotal 
role of NGF in the morphological changes of sensory affer-
ents induced by BOO [48].  
NGF AND OVERACTIVE BLADDER (OAB) 
The Overactive Bladder (OAB) syndrome is currently 
defined by the International Continence Society as urgency, 
with or without incontinence, usually with frequency and 
nocturia, in the absence of proven infection or other obvious 
pathology [49, 50]. OAB is a highly prevalent disorder that 
impacts the lives of millions of people worldwide, especially 
in older individuals. In fact, the prevalence of OAB symp-
toms in the population over 70 years old reaches 40%, which 
constitutes an important issue now that the life expectancy is 
higher [51]. Despite its high prevalence, most patients do not 
seek medical attention and are not aware that OAB is treat-
able.  
The pathogenesis of OAB is still mostly unknown, and 
therefore treatment is aimed at alleviating symptoms rather 
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than the cure [51]. However, it is accepted that the to patho-
physiology of OAB concurs physical injury to afferent path-
ways in the LUT and mechanisms such as increased afferent 
activity, decreased supraspinal inhibition and increased re-
lease of neurotransmitters [52]. Whatever the cause, it is 
accepted that urgency is the key symptom and driving force 
for OAB [53, 54]. However, objective grading of urgency 
symptoms is a difficult task and reports vary amongst pa-
tients. In most cases, it is possible to perform urodynamic 
studies that allow an unbiased detection of detrusor overac-
tivity. However, not all OAB patients present detrusor dys-
function which represents an increased difficulty when diag-
nosing and treating OAB patients. Thus, there is a great need 
for more accurate means to diagnose OAB and recent studies 
have focused on the detection of urinary biomarkers [55], 
most notably on urinary NGF. 
Recent pilot clinical studies showed that urinary NGF 
levels are higher (approximately 12-fold) in patients with 
OAB than normal controls [56-59]. Although not correlating 
with the amount of NGF present in bladder tissue [19], uri-
nary levels of NGF can be used to differentiate patients with 
OAB wet and OAB dry, the concentrations being higher in 
the former group of patients [59]. In addition, urinary NGF 
concentration correlates with urgency intensity in OAB pa-
tients classified as measured by the Indevus urgency severity 
scale (USS) scores of 3 or 4 [57]. Successful antimuscarinic 
treatment reduces USS score and urinary NGF levels with a 
reversal occurring upon withdrawal of the therapy [58, 59]. 
In OAB patients refractory to antimuscarinics, botulinum 
toxin markedly reduces urinary NGF levels [60]. Urinary 
NGF is also increased in interstitial cystitis/bladder pain 
syndrome [60, 61]. In this condition, like in patients with 
neurogenic detrusor overactivity [62], successful treatment 
with botulinum toxin, which resulted in pain reduction, im-
proved quality of life and bladder function, lead to a signifi-
cant reduction in urinary NGF [60].  
The importance of NGF in bladder function has been 
further demonstrated in a series of studies with experimental 
animals. In the urinary tract, NGF is produced by bladder 
smooth muscle and urothelium [28]. The majority of bladder 
sensory afferents projecting through the pelvic nerve express 
the TrkA receptor [23]. Using an experimental model of 
chronic bladder inflammation, it has been demonstrated that 
TrkA expression and activation is upregulated in bladder 
afferents during bladder inflammation and spinal cord injury 
[63, 64] in tandem with increased levels of NGF mRNA in 
the bladder [65]. NGF administration via different routes
resulted in bladder overactivity, characterized by reduction 
of bladder capacity and inter-contraction interval [66-69]. 
Likewise, reduction of NGF levels decrease the high fre-
quency of bladder contractions in animals with bladder in-
flammation [70, Frias et al., unpublished observations] and
spinal cord injury [71, 72]. In what concerns visceral pain, 
the contribution of NGF to sensitize bladder afferents during 
inflammation has long been established [23, 73]. Thermal 
hyperalgesia associated with inflammation of the urinary 
bladder was also shown to be NGF-dependent [43, 44, 74]. 
In addition, treatment with cannabinoids or NGF sequestra-
tion reduced referred pain levels, confirming the importance 
of NGF in visceral pain and supporting an interaction be-
tween NGF and cannabinoid signalling [43, 44, 74, 75; Frias 
et al., unpublished results].
BRAIN DERIVED NEUROTROPHIC FACTOR (BDNF) 
BDNF is the most abundant NT although less investi-
gated at the present moment [76]. Like NGF, BDNF also 
contributes to the survival and proper function of sensory 
neurons [6, 77-79]. During the developmental period, BDNF 
is crucial for the development of cranial sensory neurons 
[80] as well as mechanoreceptors innervating the Meissner 
and Pacinian corpuscles and chemoreceptors innervating 
taste buds [80-82]. In the adult, BDNF is essential for neu-
ronal survival and seems to contribute to mechanosensation 
[83], possibly via ASIC2, an important mechanotransducer
[84]. BDNF is constitutively expressed by small- and me-
dium-sized peptidergic neurons [5, 85, 86], but it is also pro-
duced by non-neuronal cells, including those present in the 
urinary bladder, lung and colon [87, 88]. This NT exerts its 
effects via its high affinity receptor, TrkB receptor, ex-
pressed in the central and peripheral nervous system. Along 
with its well established trophic effect on neuronal tissue 
[15] and its relevance in plasticity events (such as LTP in the 
hippocampus, [89]), the importance of BDNF in nociception 
has also been under investigation [90]. It has been shown 
that intraplantar administration of BDNF induces transient 
thermal hyperalgesia possibly by sensitizing peripheral sen-
sory neurons [91]. However, BDNF seems to be more 
prominent at central locations as it is anterogradely trans-
ported to the spinal cord, where it is released upon noxious 
peripheral stimulation [86]. BDNF is present in synaptic 
vesicals at central terminal endings of sensory fibres, co-
localizing with Substance P and CGRP [5]. Interestingly, 
BDNF expression is regulated by NGF and following pe-
ripheral inflammation, the levels of BDNF are upregulated in 
TrkA-expressing neurons [5, 6, 78, 90, 92]. BDNF release 
within the spinal cord leads to ERK phosphorylation [5, 6, 
78, 93] and PKC activation, important events for BDNF-
induced thermal hyperalgesia and tactile allodynia [5, 6, 63]. 
In addition, in the spinal cord BDNF modulates the glutama-
tergic neurotransmission in an ERK-dependent manner by 
increasing the phosphorylation of the NR1 subunit of the 
NMDA (N-methyl-D-aspartate) receptor [94, 95]. The im-
portance of BDNF in pain perception has been further estab-
lished by studies that abolish its downstream effects. It has 
been reported that administration of BDNF-scavenging pro-
teins (TrkB-IgG) or antisense oligodeoxynucleotides reduces 
pain-related behaviour in animals treated with formalin or 
carrageenan [92, 96].  
BDNF IN THE LUT 
Little is known about the role of BDNF in bladder func-
tion both in normal and in pathological conditions and avail-
able studies are mostly confined to experimental models of 
bladder dysfunction. It has been demonstrated that following 
chronic bladder inflammation or spinal cord injury, the syn-
thesis of BDNF in the urinary bladder is strongly increased 
[65, 88]. Accordingly, the activation levels of TrkB, present 
in bladder sensory afferents, are upregulated in the same 
models [63, 64], suggesting that peripherally synthesized 
BDNF is uptaken by bladder afferents. The importance of 
TrkB phosphorylation at peripheral sites to bladder function 
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is still under debate. As for BDNF scavenging studies, those 
are very scarce. Nevertheless, a recent study from our group 
showed that BDNF sequestration improved bladder function 
in rats with chronic cystitis [88]. The same treatment did not 
produce any effects on bladder reflex activity of intact ani-
mals [88], suggesting that BDNF’s effect on bladder function 
seem to be restricted to pathological conditions. Ongoing 
work from our group has further demonstrated that BDNF 
seems to play its contribution at the central nervous system 
in detriment of peripheral effects (Frias et al., unpublished
observations). In what concerns clinical data, only one study 
has evaluated BDNF in the urine of bladder pain syn-
drome/interstitial cystitis patients. In this study, the levels of 
urinary BDNF detected were increased but were significantly 
reduced after botulinum toxin administration [60]. 
CONCLUSION 
In summary, experimental and clinical studies regarding 
the importance of NTs, NGF and BDNF in particular, in the 
lower urinary tract have obtained enough data to support a 
role of these NTs in LUT. More interestingly, the presence 
of NGF and BDNF in the urine of patients, the amounts of 
which correlate with the severity of LUT, and the variations 
observed after different treatments may indicate that urinary 
NTs could be new useful biomarkers to complement existent 
diagnostic tools. Experimental studies indicate that it is 
likely that NGF and BDNF may be key elements in the 
pathophysiology of bladder dysfunction. However, it is clear 
that data concerning the role of BDNF in the LUT is still 
scarce and more studies are warranted to clarify this. It is 
also necessary to fully establish if a) urinary NTs are reliable 
biomarkers of bladder dysfunction and if b) NTs are suitable 
therapeutic targets for bladder treatment. Future studies will 
certainly elucidate and establish the true function of NTs in 
the LUT in normal and pathological conditions and provide 
better means to diagnose and hopefully treat LUT. 
LIST OF ABBREVIATIONS 
ASIC = Acid-sensitive ion channel
BOO = Bladder outlet obstruction  
BDNF = Brain derived neurotrophic factor 
CGRP = Calcitonin gene-related peptide 
ERK = Extracellular signal-regulated kinase 
LUT = Lower urinary tract 
NGF = Nerve growth factor 
NMDA = N-methyl-D-aspartate receptor 
NTs = Neurotrophins
OAB = Overactive bladder
Trk = Tyrosine kinase receptor 
TRPV1 = Transient receptor potential vanilloid 1 
USS = Urgency severity scale 
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionEQUESTRATION OF BRAIN DERIVED NERVE FACTOR BY
NTRAVENOUS DELIVERY OF TrkB-Ig2 REDUCES BLADDER
VERACTIVITY AND NOXIOUS INPUT IN ANIMALS WITH
HRONIC CYSTITIS
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odgkin Building, Bristol, UK
London Pain Consortium, King’s College London, Neurorestoration
roup, Wolfson CARD, Wolfson Wing, London Bridge, London, UK
bstract—Brain derived nerve factor (BDNF) is a trophic
actor belonging to the neurotrophin family. It is upregulated
n various inflammatory conditions, where it may contribute
o altered pain states. In cystitis, little is known about the
elevance of BDNF in bladder-generated noxious input and
ladder overactivity, a matter we investigated in the present
tudy. Female rats were intraperitoneally (i.p.) injected with
yclophosphamide (CYP; 200 mg/kg). They received saline or
rkB-Ig2 via intravenously (i.v.) or intravesical administration.
hree days after CYP-injection, animals were anaesthetized
nd cystometries performed. All animals were perfusion-
xed and the spinal cord segments L6 collected, post-fixed
nd processed for c-Fos and phosphoERK immunoreactivity.
DNF expression in the bladder, as well as bladder histology,
as also assessed. Intravesical TrkB-Ig2 did not change blad-
er reflex activity of CYP-injected rats. In CYP-animals
reated with i.v. TrkB-Ig2 a decrease in the frequency of blad-
er reflex contractions, in comparison with saline-treated
nimals, was observed. In spinal sections from the latter
roup of animals, the number of phosphoERK and c-Fos
mmunoreactive neurons was lower than in sections from
aline-treated CYP-animals. BDNF immunoreactivity was
igher during cystitis but was not changed by TrkB-Ig2 i.v.
reatment. Evaluation of the bladder histology showed similar
nflammatory signs in the bladders of inflamed animals, irre-
pective of the treatment. Data show that i.v. but not intra-
esical administration of TrkB-Ig2 reduced bladder hyperac-
ivity in animals with cystitis to levels comparable to those
bserved in unirritated rats. Since i.v. TrkB-Ig2 also reduced
Indicates equal contribution.
Correspondence to: C. D. Cruz, Institute Histology and Embryology,
MUP, Alameda Hernâni Monteiro, 4200-319 Porto, Portugal. Tel:
351-22-5513654; fax: 351-22-5513655.
-mail address: ccruz@med.up.pt (C. D. Cruz).
bbreviations: ABC, avidin biotin complex; BDNF, brain derived neu-
otrophic factor; CYP, cyclophosphamide; DAB, 3,3=,-diaminobenzi-
ine tetrahydrochloride; DCM, dorsal commissure; ERK, extracellular
ignal-regulated kinase; ILG, intermediolateral grey matter; i.p., intra-
eritoneal; IR, immunoreactive; i.v., intravenous; NGF, nerve growth
actor; NT, neurotrophin; PBS, phosphate buffer saline 0.1M; PBST,a
BS containing 0.3% of Triton X-100; s.c., subcutaneous; TRPV1,
ransient potential receptor vanilloid 1.
306-4522/10 $ - see front matter © 2010 IBRO. Published by Elsevier Ltd. All right
oi:10.1016/j.neuroscience.2010.01.015
69pinal extracellular signal-regulated kinase (ERK) activation,
t is possible that BDNF contribution to inflammation-induced
ladder hyperactivity is via spinal activation of the ERK path-
ay. Finally, the reduction in c-Fos expression indicates that
rkB-Ig2 also reduced bladder-generated noxious input. Our
esults show that sequestration of BDNF may be considered
new therapeutic strategy to treat chronic cystitis. © 2010
BRO. Published by Elsevier Ltd. All rights reserved.
ey words: BDNF, bladder, inflammation, cystitis, neurotro-
hin, intravenous.
hronic bladder inflammation can cause alterations in the
roperties of bladder sensory afferents often resulting in
eripheral sensitization. Peripheral sensitization of primary
fferents or changes in their central synapses may con-
ribute to increased pain sensation and bladder overactivity
rising during cystitis (Dubner and Ruda, 1992; Dmitrieva
t al., 1997). It is commonly accepted that sensitization of
ladder afferents is dependent on neurotrophins (for re-
iew see Pezet and McMahon, 2006). This related family
f proteins comprises Nerve Growth Factor (NGF), Brain
erived Neurotrophic Factor (BDNF; for review see Pezet
nd McMahon, 2006), Neurotrophin-3 (NT-3) and NT-4.
NGF has attracted much attention in the past few years
s its levels have been found to be elevated in the urine
nd bladder biopsies from patients with micturition dys-
unctions, including interstitial cystitis/bladder pain syn-
rome and overactive bladder syndrome (Lowe et al.,
997; Okragly et al., 1999; Liu and Chancellor, 2008). NGF
inds to its high affinity receptor TrkA, which is abundantly
xpressed in bladder afferents (Qiao and Vizzard,
002a,b, 2005) supporting an important role for NGF mod-
lation of bladder sensory innervation.
Another neurotrophin receptor largely expressed in
ladder sensory afferents is TrkB (Qiao and Vizzard,
002a,b), the high affinity receptor for BDNF. This receptor
s also present in abundance in the spinal cord (for review
ee Merighi et al., 2004, 2008). Recently, it has been
emonstrated that TrkB expression and activation is up-
egulated in bladder afferents in rats with cystitis (Qiao and
izzard, 2002a) and spinal cord injury (Qiao and Vizzard,
002b, 2005). In addition, peripheral inflammation results
n BDNF upregulation (Paterson et al., 2009) which may
ccur, at least in part, in an NGF-dependent manner (Cho
t al., 1997). Therefore, it is conceivable that BDNF may
lso participate in neuronal changes occurring during
s reserved.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionhronic cystitis. Nevertheless, this possibility has never
eceived much attention.
One of the most commonly used animal models of
ystitis consists in intraperitoneally (i.p.) administration of
yclophosphamide (CYP; Dinis et al., 2004a; Cruz et al.,
005; Charrua et al., 2008). CYP is metabolized in the liver
nto acrolein which is excreted via the urinary system. On
ccumulation in the bladder, acrolein acts as a strong
rritant and, consequently, the frequency of bladder reflex
ontractions is increased in rats treated with CYP (Cruz et
l., 2005). In addition, CYP-inflamed animals present
pontaneous behaviour indicative of the presence of pain
Boucher et al., 2000; Méen et al., 2001, 2002), as well as
ncreased density of sensory fibres in the bladder wall
Dickson et al., 2006). Using the CYP model of cystitis,
izzard has demonstrated upregulation of the NGF and
DNF levels of mRNA (Vizzard, 2000). Treatment of CYP-
nflamed animals with an NGF-sequestering protein was
hown to improve bladder function (Hu et al., 2005). There-
ore, in the present study we used a similar strategy to
larify if BDNF contributes to bladder overactivity and pain
n the CYP model of cystitis.
EXPERIMENTAL PROCEDURES
xperimental animals and reagents
dult female Wistar rats (220–250 g) were obtained from Charles
iver (France). The ethical guidelines for investigation of experi-
ental pain in animals and the European Communities Council
irective (86/609/EEC) were followed (Zimmermann, 1983). Rats
ere housed (12 h light/dark cycle) with ad libitum access to food
nd water. Non-terminal animal handling was performed under
soflurane anaesthesia (5% for induction and 2% for mainte-
ance). For cystometries and terminal handling, rats received a
ubcutaneously (s.c.) bolus of urethane (1.2 g/kg subcutaneous
njection). BDNF was sequestered by recombinant TrkB-Ig2. This
s the second immunoglobulin-like domain of the TrkB receptor,
xpressed in E. coli. It has an N-terminal six-histidine tag and a
olecular weight of 18,580 Da. This soluble domain binds to
DNF with picomolar affinity (Naylor et al., 2002; Lu et al., 2009).
nspecific IgG produced in rabbit came from Sigma (Portugal).
yclophosphamide was obtained from Baxter (Portugal). The an-
ibody against phosphorylated extracellular signal-regulated ki-
ase (ERK) 1 and 2, raised in rabbit, was purchased from Neu-
omics (Germany) while the antibody against c-Fos, also raised in
abbit, was purchased from Calbiochem (UK). The antibody
gainst BDNF, raised in chicken, was purchased from Neuromics
Germany). The secondary biotinylated swine anti-rabbit antibody
as obtained from Dakopatts (Denmark) and the avidin biotin
omplex (ABC) conjugated with horseradish peroxidase from Vec-
or Laboratories (UK). The secondary antibody anti-chicken Cy3-
onjugated was raised in goat and bought from Jackson Labora-
ories (UK). All antibodies and the ABC solution were prepared in
hosphate buffer saline 0.1 M (PBS; pH 7.6) containing 0.3% of
riton X-100 (PBST).
xperimental cystitis and TrkB-Ig2 administration
here were ten experimental groups in total (n4 per group). One
f the groups was not subjected to bladder inflammation and
erved as control. The remaining animals received an intraperito-
eally (i.p.) injection of cyclophosphamide (CYP, 200 mg/kg; dis-
olved in saline). This regimen was chosen based on previous
tudies showing that a single administration of CYP 200 mg/kg s
70esulted in comparable production of pro-inflammatory molecules,
uch as anandamide, and bladder overactivity as those observed
fter repeated injections of CYP 75 mg/kg (Dinis and Charrua et
l., 2004). For a period of 3 days, CYP-treated animals received
aily injections in the tail vein of 300 l of sterile saline, TrkB-Ig2
100 or 200 g) or unspecific rabbit IgG (100 or 200 g). Two
dditional groups of rats (n4 per group) were not injected with
YP but received daily intravenously (i.v.) injections of 100 or 200
g of TrkB-Ig2. To avoid stress reactions, i.v. injections were
erformed under isofluorane anaesthesia.
Two other groups of animals were also injected with CYP.
hese animals were submitted to daily intravesical administration
f TrkB-Ig2 for a period of 3 days (100 g) or saline. Treatments
ere performed under isofluorane anaesthesia (5% for induction,
% for maintenance). The bladders were catheterized with a
2-gauge polyethylene catheter inserted through the urethra.
rine was removed and the bladders were filled with either 0.5 ml
f a solution containing 100 g of TrkB-Ig2 or 0.5 ml of saline.
olutions were left in contact with the mucosa for 30 min. The
ladders were thereafter rinsed with saline, the urethral catheter
as removed and the animals were allowed to recover.
ssessment of bladder reflex activity
eventy-two hours post-CYP injection, all animals were anaes-
hetized with urethane. The bladder was exposed through a low
bdominal line and a 21-gauge needle was inserted in the bladder
ome. After a period of 30 min for stabilization, saline was infused
t a constant rate of 6 ml/h while the urethra was left unobstructed
or urine expulsion. Bladder contractions were registered for 1 h
sing a pressure transducer (World Precision Instruments) con-
ected by a side arm to the infusion tube. Animals were kept on a
eating pad to maintain body temperature at 37 °C.
ixative perfusion and spinal cord immunolabelling
nimals were perfused through the ascending aorta with 250 ml of
yrode’s solution (in mM unless otherwise specified: NaCl, 0.12
; KCl, 5.4; MgCl26H2O, 1.6; MgSO47H2O, 0.4; NaH2PO4H2O,
.2; glucose, 5.5; and NaHCO3, 26.2) followed by 750 ml of 4%
araformaldehyde. Spinal cord segments L6 were collected and
ost-fixed in the same fixative solution for 4 h and cryoprotected
vernight in sucrose 30% in phosphate buffer 0.1 M (pH 7.6). On
he following day, cord segments were cut in a freezing microtome
nto 40 m sections and stored at 20 °C in cryoprotective
olution until further processing.
When all animal testing was concluded, every second and fourth
pinal cord sections were immunoreacted against phosphoERK and
-Fos. These were chosen as their expression in the spinal cord is
pregulated in CYP-inflamed animals (Dinis et al., 2004a; Cruz et
l., 2005) and both depend on BDNF (Kerr et al., 1999; Pezet et
l., 2002; Jongen et al., 2005). After several washes in PBS,
ections were incubated for 30 min in PBS containing 0.3% hy-
rogen peroxide. After two washes in PBS and one wash in PBST,
ections were incubated for 2 h in a blocking solution (10% normal
wine serum in PBST). Sections were incubated for 48 h at 4 °C
ith phospho-specific antibody against phosphoERK (1:1000) or
gainst c-Fos (1:10000). Then, after several washes with PBST,
ections were incubated with polyclonal swine anti-rabbit biotin-
onjugated antibody (1:200). The immunoreaction was visualized
sing the ABC peroxidase-conjugated method (1:200) using 3,3=-
iaminobenzidine tetrahydrochloride (DAB; 5 min in 0.05 M Tris
uffer, pH 7.4, containing 0.05% DAB and 0.003% hydrogen
eroxide) as chromogen. Sections were mounted on gelatine-
oated slides and air-dried for 12 h, after which they were cleared
n xylene, cover-slipped and observed. In order to control the
pecificity of the primary antibodies, they were substituted by
ormal swine serum. No labelling was observed in these circum-
tances.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionladder fixation and BDNF immunolabelling
mmediately before fixative perfusion, bladders from TrkB-Ig2
reated rats with improved bladder function were collected and
mmersed in 4% paraformaldehyde for 4 h. Then, bladders were
ryoprotected overnight in sucrose 30% in phosphate buffer 0.1 M
pH 7.6). On the following day, bladders were dissected and the
rigone sectioned in a freezing microtome and stored in cryopro-
ective solution at 20 °C until all experimental procedures were
oncluded.
One in every fourth section was immunoreacted against
DNF. Briefly, after several washes in PBS and PBST, sections
ere incubated for 1 h in blocking solution containing 10% goat
erum. Sections were incubated for 48 h at 4 °C with anti-BDNF
ntibody (1:500). Afterwards, sections were thoroughly washed and
ncubated for 1 h in anti-chicken Cy3-labelled secondary antibody.
hen, sections were washed in PBST and PBS, mounted in gelatine
oated slides and images observed in a Zeiss fluorescence micro-
cope (Zeiss AxioImager.Z1). The specificity of the antibody was
ested by incubating bladder sections in the absence of the primary
ntibody. No immunofluorescence was observed in those conditions.
aematoxylin-eosin staining procedures
ladder histology was evaluated in TrkB-Ig2 treated rats with
mproved bladder function. Thus, the remaining bladder tissue
as further dissected and the transition of the trigone to the body
as rinsed and cut in a cryostat into 10 m sections. Sections
ere then stained with haematoxylin and eosin.
ata analysis
ystometrograms were analysed using the DataTrax software
Vs. 1.804, World precision Instruments). The frequency, peak
ressure and amplitude of bladder contractions is presented as
ean valuestandard deviation. For phosphoERK and c-Fos im-
unoreactivities, positive cells were counted in 10 non-adjacent
6 spinal sections. Data are presented as average number of
mmunoreactive (IR) cells per spinal cord sectionstandard de-
iation. In all cases, statistical analysis was performed using the
ne-Way ANOVA followed by the post-hoc test Student–New-
an–Keuls in SigmaStat 3.11 software.
RESULTS
ladder reflex activity
n cystometries from unirritated control animals (Fig. 1A),
he frequency of bladder contractions observed was 0.60
.08 contractions per minute (Fig. 1E). This value was
ignificantly increased to 1.170.16/min (P0.006 vs.
on-inflamed rats) in animals with CYP-induced inflamma-
ion whether they were treated with i.v. saline (Fig. 1B, E),
r not (data not shown). I.v. injection of 100 or 200 g
rkB-Ig2 in unirritated animals did not affect bladder reflex
ctivity (data not shown). In contrast, i.v. delivery of TrkB-
g2 reduced bladder reflex contractions in CYP-inflamed
nimals. After 100 g of TrkB-Ig2, the frequency de-
reased to 0.670.13 (Fig. 1C, E; P0.01 vs. CYP-in-
amed rats injected with saline). After 200 g of TrkB-Ig2,
he frequency of bladder contractions was 0.420.31 (Fig.
D, E; P0.001 vs. CYP-inflamed rats injected with sa-
ine). I.v. injection of 100 or 200 g of unspecific IgG did
ot affect bladder function in CYP-inflamed animals (Fig.
E).
Analysis of the cystrometric recordings showed that
he peak intravesical pressure of unirritated controls was u
716.894.32 cm H2O (Fig. 1F). In animals with CYP-in-
uced cystitis that received saline, that value was 36.15
.37 cm H2O (Fig. 1F). I.v. delivery of TrkB-Ig2 did not
hange baseline intravesical pressures, the values respec-
ively being 31.304.04 cm H2O after 100 g and 27.78
.09 cm H2O after 200 g of TrkB-Ig2 (Fig. 1F). In animals
eceiving 100 and 200 g of unspecific rabbit IgG the peak
ressures of bladder contractions respectively were
3.472.68 cm H2O and 27.361.77 cm H2O (Fig. 1F).
In addition, cystometric recordings also provided data
egarding the amplitude of bladder contractions, which
eached 15.264.51 cm H2O in unirritated controls (Fig.
G). In CYP-inflamed rats receiving saline, the amplitude
f bladder contractions was 13.463.18 cm H2O. After i.v.
njection of 100 and 200 g of TrkB-Ig2, the amplitude of
ladder contractions observed respectively were 17.56
.58 and 14.785.22 cm H2O (Fig. 1G). In CYP-inflamed
nimals that received 100 and 200 g of unspecific rabbit
gG the amplitude of bladder contractions respectively
ere 14.572.01 and 13.542.77 cm H2O (Fig. 1G).
In contrast with i.v. injection of TrkB-Ig2, intravesical
elivery of saline or 100 g TrkB-Ig2 did not produce any
ffects on bladder reflex activity (data not shown). For that
eason, we proceeded with our studies by analysing only
he material collected from animals receiving i.v. injections.
pinal ERK phosphorylation in CYP-inflamed rats
njected with TrkB-Ig2
n spinal sections from CYP-inflamed animals treated with
.v. saline, numerous phosphoERK positive cells were
ound bilaterally in the superficial dorsal horns, dorsal com-
issure (DCM) and in the intermediolateral grey matter
ILGs; Fig. 2A, B). The number of phosphoERK immuno-
eactive–(IR–) cells was 48.8917.54 (Fig. 2G). I.v. injec-
ion of 100 g of TrkB-Ig2 reduced phosphoERK IR-cells to
0.414.99 (Fig. 2C, D, G; P0.05 vs. saline-treated
ats). A decrease in positive cells also occurred after 200
g of TrkB-Ig2 (22.117.39 IR-cells; Fig. 2E–G; P0.05 vs.
aline-treated rats).
-fos expression after intravenous TrkB-Ig2
n saline-treated CYP-inflamed rats many c-Fos IR-nuclei
ere observed bilaterally in the superficial dorsal horns,
ntermediolateral grey matter and in the dorsal commissure
113.7612.54; Fig. 3A, D). TrkB-Ig2 reduced c-Fos ex-
ression in all spinal cord areas to 64.9419.70 (Fig. 3B,
; P0.009 vs. saline-injected animals) and to 68.81
9.61 respectively after 100 and 200 g (Fig. 3C, D).
DNF expression in the urinary bladder
n sections obtained from intact animals, BDNF immuno-
abelling was found to be weak (Fig. 4A). Incontrast, in
YP-inflamed animals treated with saline, immunoreaction
as stronger and observed in urothelial cells (Fig. 4B).
reatment with i.v. TrkB-Ig2 did not alter the intensity of
rothelial BDNF immunolabelling, at either of the doses
sed (Fig. 4C).
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionig. 1. Typical cystometrograms of intact (A) and CYP-inflamed animals treated with saline (B), 100 g (C) or 200 g (D) of TrkB-Ig2. I.v. delivery
f TrkB-Ig2 reduced the frequency of bladder contractions to levels comparable to those observed in intact animals. I.v. injection of saline did not affect
ladder reflex activity. (E–G) Bar graph depicting the mean frequency (E), the peak pressure (F) and amplitude (G) of bladder reflex contractions of
ntact and CYP-inflamed animals. Data are presented as mean frequency of bladder contractions  SD. Intravenous delivery of TrkB-Ig2 significantly
educed bladder reflex contractions. In contrast, injection of saline or unspecific IgG did not produce any effect. No effects of saline, unspecific rabbit
gG or TrkB-Ig2 were observed on the peak pressure and amplitude of bladder contractions.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionladder histology
ections from the bladder of cyclophosphamide-treated
nimals stained with hematoxilin and eosin showed obvi-
us signs of inflammation, including oedema and blood
nfiltration in the lamina propria (Fig. 5B), in comparison
ith intact bladders (Fig. 5A). The bladder histology of
rkB-Ig2- or unspecific rabbit IgG-treated rats was very
imilar to saline-injected animals (Fig. 5C, D).
DISCUSSION
n the present study we aimed to clarify the importance of
DNF as a mediator of bladder-generated noxious input and
ig. 2. Photomicrographs of phosphoERK positive cells in L6 spinal c
C, D) or 200 g (E, F) of TrkB-Ig2. In sections from CYP-inflamed s
orns, dorsal commissure (DCM; B) and intermediolateral gray matter a
ositive cells in sections from L6 spinal cord. I.v. delivery of TrkB-Ig2ladder overactivity in an animal model of cystitis. For that, c
73e used a recombinant protein, TrkB-Ig2, which specifically
inds to BDNF with picomolar affinity, neutralising its activity
Naylor et al., 2002; Lu et al., 2009). We found that seques-
ration of BDNF in vivo by i.v. delivery of TrkB-Ig2 reduced the
requency of bladder contractions. In contrast, intravesical
nstillation of the recombinant protein failed to produce any
ffect on bladder reflex activity of CYP-inflamed animals.
urthermore, i.v. injection of TrkB-Ig2 also decreased spinal
RK activation and c-Fos expression in L6 spinal cord sec-
ions from CYP-inflamed animals. Finally, utilizing suitable
ntibodies, we were able to detect BDNF expression in the
rinary bladder. The overall results obtained indicate that
DNF contributes to bladder overactivity and noxious input in
ons from CYP-inflamed animals treated with i.v. saline (A, B), 100 g
ted rats, phosphoERK positive cells were found in superficial dorsal
e cord (ILGs; G) Bar graph depicts the mean number of phosphoERK
tly reduced ERK activation in spinal cells. Scale bar20 m.ord secti
aline-trea
reas of thhronic bladder inflammation.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionBDNF function in cystitis has been poorly studied. Most
tudies have focused on the importance of NGF and as-
essed the effects of NGF sequestration. Antibodies
gainst the latter neurotrophin have been delivered intra-
hecally and successfully reduced bladder overactivity in
ats with spinal cord lesions (Seki et al., 2002, 2004; for
eview see Steers and Tuttle, 2006). In addition, it has also
een recently demonstrated that i.v. administration of the
mmunoglobulin-like recombinant protein TrkA-Ig2, that
pecifically sequesters NGF, also leads to improvement of
ladder function and behavioural signs of pain during cys-
itis (Hu et al., 2005). To our knowledge, the present study
s the first one designed to sequester BDNF in rats with
ystitis. Like Hu et al., we used a recombinant protein
hich specifically sequesters a neurotrophin, in this case
ig. 3. Photomicrographs of c-Fos positive nuclei in L6 spinal cord sec
g (C) of TrkB-Ig2. In sections from CYP-inflamed saline-treated rats,
D) Bar graph depicts the mean number of c-Fos positive nuclei in se
xpression in spinal cells. Scale bar20 m.DNF (Hu et al., 2005). t
74BDNF is a trophic factor belonging to the large family of
he neurotrophins. During the developmental period, BDNF is
ecessary for the correct development of cranial sensory
eurons (Hellard et al., 2004) as well as mechanorecep-
ors innervating the Meissner and Pacinian corpuscles and
hemoreceptors innervating taste buds (Uchida et al.,
003; Sedy et al., 2004). In adulthood, BDNF is the most
bundant neurotrophin and its specific receptor TrkB is
lso widely expressed in the nervous system, suggesting
hat BDNF is important for normal neuronal function (for
eview see Merighi et al., 2004, 2008). In the peripheral
ervous system, BDNF is constitutively produced by small-
nd medium-sized dorsal root ganglion neurons (Apfel et
l., 1996; Cho et al., 1997; Michael et al., 1997), a process
hat is upregulated following NGF-dependent TrkA activa-
CYP-inflamed animals treated with i.v. saline (A), 100 g (B) or 200
ression was observed in superficial dorsal horns, DCM (B) and ILGs.
m L6 spinal cord. I.v. delivery of TrkB-Ig2 significantly reduced c-Fostions from
c-Fos exp
ctions froion in peripheral inflammation (Apfel et al., 1996; Michael
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctiont al., 1997; Kerr et al., 1999; Thompson et al., 1999). In
he present study, we also found evidence supporting the
ccurrence of BDNF synthesis in non-neuronal cells. In
act, BDNF expression in the urothelium was increased in
YP-inflamed animals. Unfortunately, the specificity of the
mmunohistochemical analysis could not be tested in
DNF knockout mice (Everaerts et al., 2009) due to their
arly lethality (Ernfors et al., 1994).
In the present study, we found that i.v. injection of
rkB-Ig2 improved bladder function, in contrast to intraves-
cal instillation of the recombinant protein. The reason why
he latter route failed to produce beneficial effects on blad-
er reflex activity may be ascribed to the specific charac-
eristics of the urothelium. Although urothelial cells are
ikely to produce BDNF, the uroplakin shield present on the
pical surface and the bladder glucosaminoglycan protec-
ive layer may have prevented the effect of intravesical
ig. 4. BDNF expression in the urothelium of intact animals (A) and
YP-inflamed rats treated with i.v. saline (B) or 200 g of TrkB-Ig2 (C).
ystitis leads to an increased expression of BDNF in urothelial cells,
hich was not affected by i.v. delivery of TrkB-Ig2. Scale bar20 m.rkB-Ig2. Nevertheless, although improving bladder reflex t
75ctivity, i.v. administration of TrkB-Ig2 did not allow the
istinction of the specific site of action of this recombinant
rotein, the peripheral extremities of bladder sensory neu-
ons, their central terminals and/or second order spinal
ord neurons. However, recent experiments using a simi-
arly recombinant protein, TrkA-Ig2, suggest that TrkB-Ig2
hould not cross the blood–brain barrier (Dawbarn and
olleagues, unpublished observations). It is thus more
ikely that i.v. TrkB-Ig2 may only be acting on bladder
fferents, either at the level of the bladder or at the dorsal
oot ganglion, preventing BDNF binding to its specific TrkB
eceptor and ultimately reducing bladder overactivity. TrkB
xpression and activation are known to be upregulated in
ats with spinal cord injury- and inflammation-induced blad-
er overactivity (Qiao and Vizzard, 2002a,b), supporting a
ole for peripheral BDNF in bladder overactivity. The rele-
ance of peripheral BDNF is currently unclear. Although
GF-mediated activation of TrkA on sensory afferents is
nown to modulate Na currents (Fjell et al., 1999a,b; for
eview see Steers and Tutle, 2006), to our knowledge
imilar findings have not been reported for BDNF. The few
vailable studies suggest that BDNF may modulate neu-
ons expressing the transient receptor potential vanilloid 1
TRPV1) (Ciobanu et al., 2009), known to be crucial for
nflammation-induced bladder overactivity (Charrua et al.,
007, 2009; for review see Avelino and Cruz, 2006). Nev-
rtheless, a central effect of BDNF may also occur. It is
ossible that BDNF, produced in the bladder and taken up
y bladder afferents or synthesized in sensory neurons
ay undergo anterograde transport to the central termi-
als of sensory afferents and released into the spinal cord.
here, BDNF may regulate neuronal function by inducing
hosphorylation of spinal TrkB receptors (Di Luca et al.,
001) and specific NMDA subunits in second order neu-
ones (Di Luca et al., 2001; Slack et al., 2004), increasing
euronal excitability. Several studies have already high-
ighted the importance of the NMDA receptor in micturition
nd bladder-generated noxious input following irritation of
he lower urinary tract (Birder and de Groat, 1992; Rice
nd McMahon, 1994; Kakizaki et al., 1996; Méen et al.,
002).
Whatever the site of action of BDNF, a profound effect
n second order neurones occurred after i.v. TrkB-Ig2
elivery. Indeed, we observed that the reduction in bladder
veractivity was accompanied by a decrease in spinal
-Fos expression and ERK activation, both of which may
ave been induced by BDNF release from afferents con-
eying bladder-generated noxious input. Indeed, one ma-
or consequence of TrkB activation in the spinal cord is the
ownstream activation of signalling pathways, including
he PLC/PKC pathway and the ERK signalling cascade (for
eview see Pezet and McMahon, 2006). It has been shown
hat intrathecal injection of BDNF or incubation of spinal
ord slices with this neurotrophin strongly induces ERK
hosphorylation whereas sequestration of the neurotro-
hin prevents ERK activation (Pezet et al., 2002). In the
resent study, levels of spinal ERK activation likely reflect
he intensity of bladder-generated sensory input arriving at
he spinal cord, as in other studies (Cruz et al., 2005). As
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionith BDNF sequestration by TrkB-Ig2, ERK blockade by
D98059, a known inhibitor of this signalling pathway, also
educed bladder overactivity in rats with cystitis (Cruz et
l., 2005). Therefore, it is possible that BDNF released
rom bladder afferents may contribute to bladder overac-
ivity via ERK activation in spinal cord neurons.
In addition, intrathecal administration of BDNF also
eads to c-Fos expression in dorsal horn neurons (Kerr et
l., 1999; Jongen et al., 2005). The expression of c-Fos in
he spinal cord has been considered for many years the
urrogate spinal marker of visceral (Birder and de Groat,
992; Cruz et al., 1994; Avelino et al., 1999; Charrua et al.,
007, 2009) and somatic noxious input (Hunt et al., 1987;
ima and Avelino, 1994; Castro et al., 2005, 2006; for
eview see Harris, 1998 and Coggeshall, 2005). In our
YP-inflamed animals receiving saline spinal c-Fos ex-
ression was upregulated. Following TrkB-Ig2 i.v. treat-
ent, there was a marked reduction, suggesting that in
ats with chronic bladder inflammation c-Fos expression is
otably dependent on BDNF. As ERK activation in the
pinal cord strongly contributes to expression of the proto-
ncogene c-Fos (Cruz et al., 2007), it is likely that BDNF-
ediated c-Fos expression depends on ERK activation.
hese results indicate that BDNF sequestration can be
xtremely effective in reducing bladder-generated noxious
nput.
Improvement of bladder reflex activity and decreased
ladder-generated noxious sensory input were not accom-
anied by a reduction of bladder inflammatory signs and
ig. 5. Bladder histology of intact animals (A) and CYP-inflamed rats tr
he similar levels of blood infiltration and oedema in the submucosa
cale bar10 m.rothelial BDNF expression. Whereas it has been demon- d
76trated that small subcutaneous or intramuscular injections
f NGF in human volunteers induces peripheral signs of
nflammation, including tenderness and flare at site of NGF
njection, and that i.v. NGF delivery produces deep pain
Svensson et al., 2003), to our knowledge no similar stud-
es using BDNF have been performed. Nonetheless, avail-
ble data suggest that BDNF does not contribute to pe-
ipheral inflammation and favours a more central effect of
his neurotrophic factor. In fact, if BDNF plays a peripheral
nflammatory role, i.v. TrkB-Ig2 should have ameliorated
eripheral inflammatory signs.
CONCLUSION
he present study provides evidence that BDNF is impor-
ant for bladder overactivity arising from persistent bladder
nflammation. Sequestration of BDNF by i.v. injection of a
pecific BDNF sequestering agent, TrkB-Ig2, improved
ladder function and reduced bladder-generated noxious
ensory input, as shown by decreased frequency of blad-
er reflex activity, ERK activation and c-Fos expression.
equestration of BDNF did not, however, improve bladder
nflammation indicating that BDNF does not act directly on
eripheral tissues. The precise site of action of TrkB-Ig2
emains to be clarified, although results favour a peripheral
ffect of BDNF sequestration. Future studies will be re-
uired to elucidate whether TrkB-Ig2 will be a useful ther-
peutic option for the treatment of painful bladder disor-
h i.v. saline (B), 100 g of TrkB-Ig2 (C) or 200 g of TrkB-Ig2 (D). Note
in all sections from CYP-inflamed rats, regardless of the treatment.eated witers, such as interstitial cystitis.
A
F
T
C
s
A
A
A
B
B
C
C
C
C
C
C
C
C
C
C
C
D
D
D
D
D
D
E
E
F
F
H
H
H
H
J
K
K
L
L
L
R. Pinto et al. / Neuroscience 166 (2010) 907–916 915
The importance of the neurtrophins NGF and BDNF in bladder dysfunctioncknowledgments—The financial support came from INComb
P7 Health project 223234 and Portuguese Urology Association.
he authors would like to thank Dr. Jorge Ferreira and Dr. Ana
harrua for critical reading of the manuscript and helpful discus-
ion of results.
REFERENCES
pfel SC, Wright DE, Wiideman AM, Dormia C, Snider WD, Kessler JA
(1996) Nerve growth factor regulates the expression of brain-
derived neurotrophic factor mRNA in the peripheral nervous sys-
tem. Mol Cell Neurosci 7(2):134–142.
velino A, Cruz F, Coimbra A (1999) Intravesical resiniferatoxin de-
sensitizes rat bladder sensory fibres without causing intense nox-
ious excitation: a c-Fos study. Eur J Pharmacol 378(1):17–22.
velino A, Cruz F (2006) TRPV1 (vanilloid receptor) in the urinary
tract: expression, function and clinical applications. Naunyn Schmi-
edebergs Arch Pharmacol 373(4):287–299.
irder LA, de Groat WC (1992) Increased c-Fos expression in spinal
neurons after irritation of the lower urinary tract in the rat. J Neu-
rosci 12(12):4878–4889.
oucher M, Meen M, Codron JP, Coudore F, Kemeny JL, Eschalier A
(2000) Cyclophosphamide-induced cystitis in freely-moving con-
scious rats: behavioral approach to a new model of visceral pain.
J Urol 164(1):203–208.
astro AR, Pinto M, Lima D, Tavares I (2005) Imbalance between the
expression of NK1 and GABAB receptors in nociceptive spinal
neurons during secondary hyperalgesia: a c-Fos study in the
monoarthritic rat. Neuroscience 132(4):905–916.
astro AR, Pinto M, Lima D, Tavares I (2006) Secondary hyperalgesia
in the monoarthritic rat is mediated by GABAB and NK1 receptors
of spinal dorsal horn neurons: a behavior and c-Fos study. Neu-
roscience 141(4):2087–2095.
harrua A, Cruz CD, Cruz F, Avelino A (2007) Transient receptor
potential vanilloid subfamily 1 is essential for the generation of
noxious bladder input and bladder overactivity in cystitis. J Urol
177(4):1537–1541.
harrua A, Cruz CD, Narayanan S, Gharat L, Gullapalli S, Cruz F,
Avelino A (2009) GRC-6211, a new oral specific TRPV1 antago-
nist, decreases bladder overactivity and noxious bladder input in
cystitis animal models. J Urol 181(1):379–386.
harrua A, Reguenga C, Paule CC, Nagy I, Cruz F, Avelino A (2008)
Cystitis is associated with TRPV1b-downregulation in rat dorsal
root ganglia. Neuroreport 19(15):1469–1472.
ho HJ, Kim JK, Zhou XF, Rush RA (1997) Increased brain-derived
neurotrophic factor immunoreactivity in rat dorsal root ganglia and
spinal cord following peripheral inflammation. Brain Res 764(1–2):
269–272.
iobanu C, Reid G, Babes A (2009) Acute and chronic effects of
neurotrophic factors BDNF and GDNF on responses mediated by
thermo-sensitive TRP channels in cultured rat dorsal root ganglion
neurons. Brain Res 1284:54–67.
oggeshall RE (2005) Fos, nociception and the dorsal horn. Prog
Neurobiol 77(5):299–352.
ruz CD, Avelino A, McMahon SB, Cruz F (2005) Increased spinal
cord phosphorylation of extracellular signal-regulated kinases me-
diates micturition overactivity in rats with chronic bladder inflam-
mation. Eur J Neurosci 21(3):773–781.
ruz CD, Ferreira D, McMahon SB, Cruz F (2007) The activation of the
ERK pathway contributes to the spinal c-Fos expression observed
after noxious bladder stimulation. Somatosens Mot Res 24(1–2):
15–20.
ruz F, Avelino A, Lima D, Coimbra A (1994) Activation of the c-Fos
proto-oncogene in the spinal cord following noxious stimulation of
the urinary bladder. Somatosens Mot Res 11(4):319–352.
i LM, Gardoni F, Finardi A, Pagliardini S, Cattabeni F, Battaglia G,
Missale C (2001) NMDA receptor subunits are phosphorylated by
77activation of neurotrophin receptors in PSD of rat spinal cord.
Neuroreport 12(6):1301–1305.
ickson A, Avelino A, Cruz F, Ribeiro-da-Silva A (2006) Peptidergic
sensory and parasympathetic fiber sprouting in the mucosa of the
rat urinary bladder in a chronic model of cyclophosphamide-in-
duced cystitis. Neuroscience 141(3):1633–1647.
inis P, Charrua A, Avelino A, Cruz F (2004) Intravesical resinifera-
toxin decreases spinal c-Fos expression and increases bladder
volume to reflex micturition in rats with chronic inflamed urinary
bladders. BJU Int 94(1):153–157.
inis P, Charrua A, Avelino A, Yaqoob M, Bevan S, Nagy I, Cruz F
(2004) Anandamide-evoked activation of vanilloid receptor 1 con-
tributes to the development of bladder hyperreflexia and nocicep-
tive transmission to spinal dorsal horn neurons in cystitis. J Neu-
rosci 24(50):11253–11263.
mitrieva N, Shelton D, Rice AS, McMahon SB (1997) The role of
nerve growth factor in a model of visceral inflammation. Neuro-
science 78(2):449–459.
ubner R, Ruda MA (1992) Activity-dependent neuronal plasticity
following tissue injury and inflammation. Trends Neurosci 15(3):
96–103.
rnfors P, Lee KF, Jaenisch R (1994) Mice lacking brain-derived neu-
rotrophic factor develop with sensory deficits. Nature 368(6467):
147–150.
veraerts W, Sepúlveda MR, Gevaert T, Roskams T, Nilius B, De
Ridder D (2009) Where is TRPV1 expressed in the bladder, do we
see the real channel? Naunyn Schmiedebergs Arch Pharmacol
379(4):421–425.
jell J, Cummins TR, Dib-Hajj SD, Fried K, Black JA, Waxman SG
(1999a) Differential role of GDNF and NGF in the maintenance of
two TTX-resistant sodium channels in adult DRG neurons. Mol
Brain Res 67(2):267–282.
jell J, Cummins TR, Fried K, Black JA, Waxman SG (1999b) In vivo
NGF deprivation reduces SNS expression and TTX-R sodium
currents in IB4-negative DRG neurons. J Neurophysiol 81(2):
803–810.
arris JA (1998) Using c-Fos as a neural marker of pain. Brain Res
Bull 45(1):1–8.
ellard D, Brosenitsch T, Fritzsch B, Katz DM (2004) Cranial sensory
neuron development in the absence of brain-derived neurotrophic
factor in BDNF/Bax double null mice. Dev Biol 275(1):34–43.
u VY, Zvara P, Dattilio A, Redman TL, Allen SJ, Dawbarn D, Stro-
emer RP, Vizzard MA (2005) Decrease in bladder overactivity with
REN1820 in rats with cyclophosphamide induced cystitis. J Urol
173(3):1016–1021.
unt SP, Pini A, Evan G (1987) Induction of c-Fos-like protein in spinal
cord neurons following sensory stimulation. Nature 328(6131):632–
634.
ongen JL, Haasdijk ED, Sabel-Goedknegt H, van der Burg J, Vecht
ChJ, Holstege JC (2005) Intrathecal injection of GDNF and BDNF
induces immediate early gene expression in rat spinal dorsal horn.
Exp Neurol 194(1):255–266.
akizaki H, Yoshiyama M, de Groat WC (1996) Role of NMDA and
AMPA glutamatergic transmission in spinal c-Fos expression after
urinary tract irritation. Am J Physiol 270(5 Pt 2):R990–R996.
err BJ, Bradbury EJ, Bennett DL, Trivedi PM, Dassan P, French J,
Shelton DB, McMahon SB, Thompson SW (1999) Brain-derived
neurotrophic factor modulates nociceptive sensory inputs and
NMDA-evoked responses in the rat spinal cord. J Neurosci
19(12):5138–5148.
ima D, Avelino A (1994) Spinal c-Fos expression is differentially
induced by brief or persistent noxious stimulation. Neuroreport
5(15):1853–1856.
iu HT, Chancellor MB, Kuo HC (2008) Urinary nerve growth factor
level could be a biomarker in the differential diagnosis of mixed
urinary incontinence in women. BJU Int 102(10):1440–1444.
owe EM, Anand P, Terenghi G, Williams-Chestnut RE, Sinicropi DV,
Osborne JL (1997) Increased nerve growth factor levels in the
LM
M
M
M
M
N
O
P
P
P
Q
Q
Q
R
S
S
S
S
S
S
T
U
V
Z
R. Pinto et al. / Neuroscience 166 (2010) 907–916916
The importance of the neurtrophins NGF and BDNF in bladder dysfunctionurinary bladder of women with idiopathic sensory urgency and
interstitial cystitis. Br J Urol 79(4):572–577.
u VB, Biggs JE, Stebbing MJ, Balasubramanyan S, Todd KG, Lai AY,
Colmers WF, Dawbarn D, Ballanyi K, Smith PA (2009) Brain-
derived neurotrophic factor drives the changes in excitatory syn-
aptic transmission in the rat superficial dorsal horn that follow
sciatic nerve injury. J Physiol 587(5):1013–1032.
éen M, Coudore-Civiale MA, Eschalier A, Boucher M (2001) Involve-
ment of hypogastric and pelvic nerves for conveying cystitis in-
duced nociception in conscious rats. J Urol 166:318–322.
éen M, Coudoré-Civiale MA, Parry L, Eschalier A, Boucher M (2002)
Involvement of N-methyl-D-aspartate receptors in nociception in
the cyclophosphamide-induced vesical pain model in the con-
scious rat. Eur J Pain 6(4):307–314.
erighi A, Carmignoto G, Gobbo S, Lossi L, Salio C, Vergnano AM,
Zonta M (2004) Neurotrophins in spinal cord nociceptive pathways.
Prog Brain Res 146:291–321.
erighi A, Salio C, Ghirri A, Lossi L, Ferrini F, Betelli C, Bardoni R
(2008) BDNF as a pain modulator. Prog Neurobiol 85(3):297–317.
ichael GJ, Averill S, Nitkunan A, Rattray M, Bennett DL, Yan Q,
Priestley JV (1997) Nerve growth factor treatment increases brain-
derived neurotrophic factor selectively in TrkA-expressing dorsal
root ganglion cells and in their central terminations within the spinal
cord. J Neurosci 17(21):8476–8490.
aylor RL, Robertson AG, Allen SJ, Sessions RB, Clarke AR, Mason
GG, Burston JJ, Tyler SJ, Wilcock GK, Dawbarn D (2002) A
discrete domain of the human TrkB receptor defines the binding
sites for BDNF and NT-4. Biochem Biophys Res Commun 291(3):
501–507.
kragly AJ, Niles AL, Saban R, Schmidt D, Hoffman RL, Warner TF,
Moon TD, Uehling DT, Haak-Frendscho M (1999) Elevated
tryptase, nerve growth factor, neurotrophin-3 and glial cell line-
derived neurotrophic factor levels in the urine of interstitial cystitis
and bladder cancer patients. J Urol 161(2):438–441.
aterson S, Schmelz M, McGlone F, Turner G, Rukwied R (2009)
Facilitated neurotrophin release in sensitized human skin. Eur J
Pain 13(4):399–405.
ezet S, Malcangio M, Lever IJ, Perkinton MS, Thompson SW, Wil-
liams RJ, McMahon SB (2002) Noxious stimulation induces Trk
receptor and downstream ERK phosphorylation in spinal dorsal
horn. Mol Cell Neurosci 21(4):684–695.
ezet S, McMahon SB (2006) Neurotrophins: mediators and modula-
tors of pain. Annu Rev Neurosci 29:507–538.
iao LY, Vizzard MA (2002a) Cystitis-induced upregulation of tyrosine
kinase (TrkA, TrkB) receptor expression and phosphorylation in rat
micturition pathways. J Comp Neurol 454(2):200–211.
78iao L, Vizzard MA (2002b) Up-regulation of tyrosine kinase (Trka,
Trkb) receptor expression and phosphorylation in lumbosacral dor-
sal root ganglia after chronic spinal cord (T8-T10) injury. J Comp
Neurol 449(3):217–230.
iao LY, Vizzard MA (2005) Spinal cord injury-induced expression of
TrkA, TrkB, phosphorylated CREB, and c-Jun in rat lumbosacral
dorsal root ganglia. J Comp Neurol 482(2):142–154.
ice AS, McMahon SB (1994) Pre-emptive intrathecal administration
of an NMDA receptor antagonist (AP-5) prevents hyper-reflexia in
a model of persistent visceral pain. Pain 57(3):335–340.
edy J, Szeder V, Walro JM, Ren ZG, Nanka O, Tessarollo L, Sieber-
Blum M, Grim M, Kucera J (2004) Pacinian corpuscle development
involves multiple trk signaling pathways. Dev Dyn 231(3):551–563.
eki S, Sasaki K, Fraser MO, Igawa Y, Nishizawa O, Chancellor MB,
de Groat WC, Yoshimura N (2002) Immunoneutralization of nerve
growth factor in lumbosacral spinal cord reduces bladder hyperre-
flexia in spinal cord injured rats. J Urol 168(5):2269–2274.
eki S, Sasaki K, Igawa Y, Nishizawa O, Chancellor MB, De Groat
WC, Yoshimura N (2004) Suppression of detrusor-sphincter dys-
synergia by immunoneutralization of nerve growth factor in lumbo-
sacral spinal cord in spinal cord injured rats. J Urol 171(1):478–
482.
lack SE, Pezet S, McMahon SB, Thompson SW, Malcangio M (2004)
Brain-derived neurotrophic factor induces NMDA receptor subunit
one phosphorylation via ERK and PKC in the rat spinal cord. Eur
J Neurosci 20(7):1769–1778.
teers WD, Tuttle JB (2006) Mechanisms of disease: the role of nerve
growth factor in the pathophysiology of bladder disorders. Nat Clin
Pract Urol 3(2):101–110.
vensson P, Cairns BE, Wang K, Arendt-Nielsen L (2003) Injection of
nerve growth factor into human masseter muscle evokes long-
lasting mechanical allodynia and hyperalgesia. Pain 104(1–2):241–
247.
hompson SW, Bennett DL, Kerr BJ, Bradbury EJ, McMahon SB
(1999) Brain-derived neurotrophic factor is an endogenous modu-
lator of nociceptive responses in the spinal cord. Proc Natl Acad
Sci U S A 96(14):7714–7718.
chida N, Kanazawa M, Suzuki Y, Takeda M (2003) Expression of
BDNF and trkB in mouse taste buds after denervation and in
circumvallate papillae during development. Arch Histol Cytol 66(1):
17–25.
izzard MA (2000) Changes in urinary bladder neurotrophic factor
mRNA and NGF protein following urinary bladder dysfunction. Exp
Neurol 161(1):273–284.
immermann M (1983) Ethical guidelines for investigations of experi-
mental pain in conscious animals. Pain 16:109–110.(Accepted 8 January 2010)
(Available online 15 January 2010)
Publication III 
Brain‐Derived Neurotrophic Factor, acting at the spinal cord level, 
participates in bladder hyperactivity and referred pain during chronic 
bladder inflammation
Barbara Frias, Shelley Allen, David Dawbarn, Ana Charrua, Francisco 
Cruz, Célia D. Cruz 
Neuroscience (2013) 234:88‐102  
79

The importance of the neurtrophins NGF and BDNF in bladder dysfunctionNeuroscience 234 (2013) 88–102BRAIN-DERIVED NEUROTROPHIC FACTOR, ACTING AT THE SPINAL
CORD LEVEL, PARTICIPATES IN BLADDER HYPERACTIVITY AND
REFERRED PAIN DURING CHRONIC BLADDER INFLAMMATIONB. FRIAS, a,b S. ALLEN, c D. DAWBARN, c A. CHARRUA, a,b
F. CRUZ b,d AND C. D. CRUZ a,b*
aDepartment of Experimental Biology, Faculty of Medicine of
Porto, University of Porto, Portugal
b IBMC – Instituto de Biologia Molecular e Celular, Universidade
do Porto, Portugal
cMolecular Neurobiology Unit, University of Bristol, School of
Clinical Sciences, Dorothy Hodgkin Building, Bristol, UK
dDepartment of Urology, Hospital de S. Joa˜o and Faculty
of Medicine, Porto, PortugalAbstract—Brain-derived neurotrophic factor (BDNF) is a
neurotrophin (NT) known to participate in chronic somatic
pain. A recent study has indicated that BDNF may partici-
pate in chronic cystitis at the peripheral level. However,
the principal site of action for this NT is the central nervous
system, most notably the spinal cord. The effects of cen-
trally-acting BDNF on bladder function in normal animals
and its central role during chronic cystitis are presently
unknown. The present study was undertaken to clarify this
issue. For that purpose, control non-inflamed animals were
intrathecally injected with BDNF, after which bladder func-
tion was evaluated. This treatment caused short-lasting
bladder hyperactivity; whereas chronic intrathecal adminis-
tration of BDNF did not elicit this effect. Cutaneous sensitiv-
ity was assessed by mechanical allodynia as an internal
control of BDNF action. To ascertain the role of BDNF in
bladder inflammation, animals with cyclophosphamide-
induced cystitis received intrathecal injections of either a
general Trk receptor antagonist or a BDNF scavenger.
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 David Dawbarn passed away unexpectedly during the preparation
of this manuscript. During his career he won numerous awards for his
innovative research into Alzheimer’s disease and the neurotrophins.
His passion for proteins and drug design was evident to colleagues and
students alike, and his courageous spirit of determination led him to
challenge many scientific dogmas. His work, leading towards the
design of small molecules for the treatment of Alzheimer’s disease and
pain, continues. His death is a great loss to his family and to numerous
colleagues and friends worldwide. This study is published in his
memory.
Abbreviations: ABC, avidin–biotin complex; ANOVA, analysis of
varience; AUC, area under the curve; BDNF, brain-derived
neurotrophic factor; CYP, cyclophosphamide; DAB, 3,3-
diaminobenzidine-tetrahydrochloride; DCM, dorsal commissure; DH,
dorsal horns; ERK, extracellular signal-regulated kinase; ILG,
intermediolateral grey matter; IR, immunoreactive; MTs, mechanical
thresholds; NTs, neurotrophins; PBS, phosphate-buffered saline 0.1 M;
PBST, PBS containing 0.3% Triton X-100; SD, standard deviation.
81improved bladder function. In addition, these treatments
also reduced referred pain, typically observed in rats with
chronic cystitis. Reduction of referred pain was accompa-
nied by a decrease in the spinal levels of extracellular sig-
nal-regulated kinase (ERK) phosphorylation, a marker of
increased sensory barrage in the lumbosacral spinal cord,
and spinal BDNF expression. Results obtained here indi-
cate that BDNF, acting at the spinal cord level, contributes
to bladder hyperactivity and referred pain, important hall-
marks of chronic cystitis. In addition, these data also sup-
port the development of BDNF modulators as putative
therapeutic options for the treatment of chronic bladder
inflammation.  2013 IBRO. Published by Elsevier Ltd. All
rights reserved.
Key words: bladder, BDNF, visceral pain, inflammation, cys-
titis, bladder hyperactivity.
INTRODUCTION
Brain-derived neurotrophic factor (BDNF) is a tissue-
derived trophic protein, belonging to the family of
neurotrophins (NTs) (Pezet and McMahon, 2006).
Expression of BDNF begins early in the development
and continues throughout the adult lifespan. In the
embryo, known BDNF functions include the
differentiation of CNS stem cells and regulation of the
development of the neural tube and dopaminergic
networks (Ahmed et al., 1995; Jungbluth et al., 1997;
Fumagalli et al., 2006). In the adult brain, BDNF
contributes to learning and memory formation (Shu and
Mendell, 1999) and regulates locomotor activity and
appetite (Kernie et al., 2000; Hashimoto et al., 2005;
Merighi et al., 2008; Hashimoto, 2010).
BDNF is also synthesized in small-to-medium dorsal
root ganglia neurons (Kerr et al., 1999; Thompson et al.,
1999). BDNF is stored in dense-core synaptic vesicles at
the terminals of these neurons which also contain
calcitonin gene-related peptide (CGRP) and Substance P
(Salio et al., 2005, 2007; Merighi et al., 2008). Noxious
stimulation induces the release of BDNF in the dorsal
horn as shown by increased amounts of BDNF in the
superfused medium in the hemicord preparation following
capsaicin or electrical C-fibre stimulation (Lever et al.,
2001). In vivo, acute intrathecal injection of BDNF
decreases the hindpaw threshold to noxious stimulation
(Shu et al., 1999; Shu and Mendell, 1999; Groth and
Aanonsen, 2002). Moreover, direct application of BDNF
to the spinal cord induces extracellular signal-regulatedd.
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et al., 2004, 2005), involving an established pathway in
pain processing at the spinal cord level (Cruz and Cruz,
2007; Ji et al., 2009). In the spinal cord, the high-affinity,
tyrosine kinase receptor for BDNF, TrkB, is found in
neuronal profiles postsynaptic to primary afferents (Salio
et al., 2005; Merighi et al., 2008). Overall, these data
support the participation of BDNF in noxious processing
at the spinal cord level.
Recent studies have suggested the participation of
BDNF in visceral pain. Visceral pain is, by definition, a
referred pain, felt at somatic structures distant from the
affected viscera. In humans, BDNF was upregulated in
the inflamed pancreas, in nerve fibres, gland and duct
cells, and this upregulation correlated with increased pain
levels (Zhu et al., 2001). Likewise, in an animal model of
pancreatitis, BDNF was also upregulated in the spinal
cord and sensory neurons, correlating with abdominal
pain (Hughes et al., 2011). In this case, BDNF
inactivation resulted in the reduction of referred pain felt
in the abdominal wall (Hughes et al., 2011). In the
bladder, a recent study provided indirect proof that in rats
BDNF could participate in bladder hyperactivity and
visceral pain caused by chronic inflammation (Pinto et al.,
2010). When originating in the bladder, visceral pain is
known to be referred to the lower abdomen, perineal
region and inner thighs (Jarrell, 2009). Bladder
inflammation resulted in increased BDNF expression in
the urothelium, and peripheral BDNF sequestration by
intravenous administration of TrkB-Ig2, a recombinant
protein that neutralizes BDNF actions (Banfield et al.,
2001; Naylor et al., 2002), reduced bladder hyperactivity
and spinal expression of c-Fos and phosphoERK (Pinto
et al., 2010), known spinal markers of noxious input
(Coggeshall, 2005; Ji et al., 2009). This effect was most
probably due to the prevention of BDNF binding to TrkB
receptors, present in the peripheral branch of the bladder
afferents, given the molecular weight of TrkB-Ig2.
However, none of these studies has addressed the role
of BDNF acting at the spinal cord level on visceral
dysfunction and referred pain, a matter we aimed to
clarify in the present study.
For this purpose, control non-inflamed animals were
submitted to acute or chronic intrathecal administration of
BDNF followed by the evaluation of bladder function. In
addition, the effects of BDNF sequestration by intrathecal
injections of TrkB-Ig2 on bladder function were also
assessed in animals with cyclophosphamide (CYP)-
induce cystitis. In all experiments, cutaneous sensitivity
was assessed as an internal control of BDNF action.EXPERIMENTAL PROCEDURES
2.1 Animals
Female Wistar rats from Charles River (France) weighing 200–
250 g were used in all experiments. Experiments were carried
out according to the European Commission Directive of 22
September 2010 (2010/63/EU) following ethical guidelines for
the investigation of experimental pain in animals (Zimmermann,
1983). All efforts were made to reduce animal stress and82suffering as well as the number of animals used. Animals were
kept on a 12-h dark/light cycle, in a temperature-controlled
environment with ad libitum access to food and water.
2.2 Chemicals and reagents
Surgery for placement of a silicone catheter in the intrathecal
space was performed under deep anaesthesia induced by
intraperitoneal injection of a mixture of medetomidine (0.25 mg/
kg) and ketamine (60 mg/kg), diluted in sterile saline. For
cystometries and terminal handling, rats received a
subcutaneous bolus of urethane (1.2 g/kg) as anaesthetic.
Chronic bladder inflammation was induced by a single
intraperitoneal injection of cyclophosphamide (CYP; 200 mg/kg)
(Baxter Me´dico Farmaceˆutica, Ltda, Portugal), according to
previous studies (Dinis et al., 2004; Kim et al., 2004; Pinto et al.,
2010). The nonspecific antagonist of tyrosine kinase receptors,
k252a, was purchased from Calbiochem (UK) and dissolved in
dimethylsulphoxide (DMSO). The recombinant protein TrkB-Ig2,
which is an immunoglobulin-like domain that binds to BDNF with
picomolar affinity, was produced in house and diluted in 20 mM
Tris buffer pH 8.2, 100 mM NaCl and 10% glycerol (Banfield
et al., 2001). Recombinant BDNF (Millipore, Temecula, CA,
USA; Ref. GF029) was prepared in distilled ultrapure water.
Rabbit anti-phosphoERK1/2 protein, was obtained from
Neuromics, USA. Biotin-conjugated swine anti-rabbit was
purchased from Dakopatts A/5 (Copenhagen, Denmark). The
avidin–biotin complex (ABC) Vecstastain Elite kit (avidin–biotin
complex), conjugated with horseradish peroxidase (HRP), was
purchased from Vector Laboratories (Peterborough, UK). The
rabbit anti-BDNF antibody was obtained from Millipore
(Watford, UK; Ref. AB1779). Alexa-fluor 568 donkey anti-rabbit
was purchased from Molecular Probes Europe. Antibodies
and the ABC complex were prepared in phosphate-buffered
saline 0.1 M (PBS) containing 0.3% Triton X-100 (PBST).
2.3 Surgery
Female Wistar rats (n= 5 animals per experimental group)
underwent surgical implantation of a silicone catheter (SF
Medical, Hudson, MA, USA) as described in previous studies
(Kerr et al., 1999; Cruz et al., 2005). Catheters were placed into
the lumbar subarachnoid space at the L5/L6 spinal cord level.
Briefly, a laminectomy was performed between T9 and T10, and
the meninges were pierced. The catheter was inserted under the
subarachnoid membrane and pushed until the tip reached the
L5-L6 spinal cord segment. The other end of the silicone
catheter was externalized for the delivery of saline, k252a, TrkB-
Ig2 or BDNF and sealed until further manipulation. Animals were
allowed to recover from surgery for 4 days, during which they
were carefully monitored. In the case of animals receiving
chronic administration of sterile saline or BDNF, the tip of the
catheter was connected to an osmotic pump (Alzet, Palo Alto,
CA, USA; Ref. 2001). The pump was placed subcutaneously
between the scapulas and remained there for 5 days.
2.4 Cystometry
In the first group of cystometries, the effect of BDNF
administration on bladder reflex activity was assessed. Urinary
bladders were exposed through a low abdominal midline
incision and a 21-gauge needle was inserted into the bladder
dome for saline infusion. Animals were left untouched for 15–
30 min to allow bladder stabilization. Body temperature was
maintained at 36–37 C with a heating pad. The urethra
remained unobstructed throughout the experiment so that
infused saline could easily be expelled by bladder contractions.
After bladder stabilization, saline infusion was initiated and
bladder reflex activity was recorded for approximately 30 min.
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6 mL/h whilst bladder contractions were registered by a pressure
transducer (WPI Instruments) connected to a computer. Animals,
previously submitted to surgical placement of an intrathecal
catheter, received acute sequential injections of 20 ll of saline
and BDNF solution (0.01, 0.1 and 1.5 lg) every 30 min,
followed by a 20 ll saline flush to ensure complete solution
delivery.
For chronic NT treatment, animals with an osmotic mini pump
underwent cystometry on the 6th treatment day with BDNF (1 ll/
h; 1.5 lg/day).
In another set of experiments, the effect of general NTs
blockade and BDNF sequestration on bladder reflex activity in
CYP-inflamed animals was also evaluated to identify the role of
BDNF in bladder function in chronic cystitis. Similar to the
protocol for acute BDNF administration, saline (20 ll), k252a (2
and 6 lg) or TrkB-Ig2 (1 and 10 lg) was intrathecally injected
every 30 min, followed by a 20 ll saline flush; bladder reflex
activity was recorded throughout.
At the end of the experiments, animals were perfused and
the position of the catheter verified. The cystometrograms
obtained were analysed using the DataTrax software (version
1.804, World Precision Instruments). The frequency, peak
pressure and amplitude of bladder contractions, and area under
the curve (AUC) of bladder contractions were determined in the
different phases of the experiments.
2.5 Cutaneous mechanical sensitivity: Von Frey test
The mechanical thresholds (MTs) were established with the Von
Frey monofilaments using the up-down method. Rats were
placed in individual chambers (23  17  14 cm) with a wire
mesh floor and allowed to acclimatise for 15 min or until cage
exploration stopped. The habituation to the testing conditions
lasted 3 days. Cutaneous sensitivity was analysed in the lower
abdomen and in the right hindpaw, known to be areas of
referred pain associated with visceral pathologies (Jarrell,
2009). The hindpaw was chosen instead of the inner thigh due
to difficulty in touching this area with the von Frey filaments. No
differences were found between the sensitivity of the right and
left hindpaws (data not shown). To determine the abdominal or
hindpaw MT, the lower abdominal region and the right hindpaw
were touched with one of a series of eight Von Frey
monofilaments (rated at 2, 4, 6, 8, 15, 26, 60, and 100 g).
Filaments were applied 5 s perpendicularly to the plantar
surface with enough strength to cause the monofilament to
slightly bend. Each filament was tested five times, with an
interval of 30 s between filaments. Testing was initiated with
the 2-g monofilament. The remaining filaments were applied in
a consecutive fashion. In the case of no response to the
filament, the next-stronger monofilament was applied. A
positive response was recorded when the animal reacted to the
filament (sharp paw withdrawal, licking of the paw or jump) in
three out of the five filament applications.
In the first part of this work, regarding the effects of
intrathecal BDNF administration, the MTs of the abdominal
region and of the right hindpaw were determined after
intrathecal injection of saline or 1.5 lg of BDNF. As described
above, the injected volume was 20 ll followed by a 20 ll saline
flush. Baseline values were determined prior to surgical
placement of the intrathecal catheter (acute NT administration)
and before catheter placement and attachment of mini-osmotic
pumps to the catheter (chronic NT administration). The
evaluation of the acute effect of intrathecal injections of saline
or BDNF (1.5 lg) in non-inflamed animals was performed for
30 min and initiated immediately after injection. The effect of
chronic administration of saline or BDNF was evaluated daily
for 5 days. BDNF was delivered at a rate of 1.5 lg per day.
In the second part of this work, regarding the effect of BDNF
blockade, the MTs of the lower abdominal region and right
hindpaw of the animals were determined before (baseline MT)83and after the induction of bladder inflammation. After
establishing the baseline MT, animals were injected with CYP.
At 4, 24 and 48 h post-CYP injection, animals received
intrathecal injections of saline, k252a (2 or 6 lg), and TrkB-Ig2
(1 or 10 lg) in a final volume of 20 ll. Each injection was
followed by a 20 ll flush of saline to assure complete drug
delivery. Fifteen minutes later, the MT of the lower abdomen
and right hindpaw were determined.
2.6 Perfusion and immunocytochemistry
After cystometry or behavioural assessment, animals were
perfused through the ascending aorta with cold oxygenated
calcium-free Tyrode’s solution (0.12 M NaCl, 5.4 mM KCl,
1.6 mM, MgCl2.6H2O, 0.4 mM MgSO4.7H2O, 1.2 mM
NaH2PO4.H2O, 5.5 mM glucose, 26.2 mM NaHCO3), followed
by 4% buffered paraformaldehyde. The dissection of the
perfused nervous tissue allowed the confirmation of the position
of the intrathecal catheter. The spinal cord segments L5-L6
were collected, post-fixed for 4 h and cryoprotected for 24 h in
30% sucrose with 0.1% sodium azide in 0.1 M phosphate buffer.
Transverse 40-lm sections of the collected spinal cord
segments were cut on a freezing microtome and stored in
cryoprotective solution at 20 C until tested for phosphoERK
immunoreactivity. After inhibition of endogenous peroxidase
activity and thorough washes in PBS and PBST, sections were
incubated in 10% normal swine serum in PBST for 2 h.
Sections were then incubated for 48 h at 4 C with a specific
antibody against phosphoERK1/2 (1:1000). Subsequently,
sections were washed and incubated with polyclonal swine
anti-rabbit biotin conjugated antibody (1:200). In order to
visualize the immunoreactions, the ABC conjugated with
peroxidase (1:200) method was used with the chromogen 3,3-
diaminobenzidine-tetrahydrochloride (DAB; 5 min in 0.05 M Tris
buffer, pH 7.4 containing 0.05% DAB and 0.003% hydrogen
peroxide). Sections were mounted on gelatine-coated slices
and air-dried for 12 h, cleared in xylene, mounted with Eukitt
mounting medium and cover-slipped.
BDNF immunoreactivity was also measured in spinal
sections from CYP-inflamed animals receiving saline or TrkB-
Ig2. Cryoprotected cord sections were thoroughly washed in
PBS and PBST. Sections were incubated in 10% normal goat
serum in PBST for 2 h, after which they were incubated for
48 h at 4 C in anti-BDNF antibody (1:1000). Sections were
then washed in PBST and incubated for 1 h in Alexa-fluor 488
goat anti-rabbit (1:2000). After this, sections were mounted in
Vectashield mounting medium and observed using a Zeiss
microscope (Axioimager Z1). Eight random transverse sections
per animal were selected for analysis. The software used for
analysis was Fiji Software (based on ImageJ, http://
rsb.info.nih.gov/ijJava1.6.0_20, 32 bit) to determine the average
intensity of BDNF immunofluorescence within the dorsal horns
(DH). Background intensity was deducted from the average
intensity to calculate the mean net staining intensity.
To control for specificity of phosphoERK and BDNF
immunoreactions, spinal sections were incubated in PBST in
the same conditions (4 C, 48 h) in the absence of the
respective antibodies. No positive staining was observed under
these conditions.
2.7 Quantification and statistics
Cystometrograms were analysed using Data Trax software
(version 1.804; World precision Instruments). The frequency of
bladder contractions, peak pressure, amplitude of bladder
contraction and AUC were analysed by using Kruskal–Wallis
One-Way repeated measures analysis of varience (ANOVA) in
SigmaStat software. Data are presented as mean
value ± standard deviation (SD) and p< 0.05 was considered
to be statistically significant.
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administration, in the presence or absence of k252a or TrkB-Ig2
were analysed using One-Way repeated measures ANOVA,
which was followed by the post hoc Student–Newman–Keuls
test using SigmaStat 3.11 software. In all cases, p< 0.05 was
considered to be statistically significant. Data are presented as
the mean ± SD.
PhosphoERK1/2 expression was analysed in spinal sections
from CYP-inflamed animals that received intrathecal saline,
k252a or TkB-Ig2 and had also been assessed for behavioural
changes. The number of phosphoERK immunoreactive (IR)-
cells was counted in the DH, dorsal commissure (DCM) and0
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84intermediolateral grey matter areas of the cord (ILGs) in 10
non-contiguous spinal cord sections. In this case, statistical
analysis was performed using One-Way ANOVA followed by
the post hoc Student–Newman-Keuls test, using SigmaStat
3.11 software. Data are presented as mean number of IR-cells
per spinal cord section ± SD and p< 0.05 was considered
statistically significant.
The intensity of BDNF immunofluorescence in rats receiving
saline of TrkB-Ig2 was compared using One-Way ANOVA,
followed by the post hoc Student–Newman–Keuls test in
SigmaStat 3.11 software. p< 0.05 was considered to be
statistically significant.B: 0.01 µg BDNF
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The presence of inflammation was assessed in non-inflamed
animals (n= 4) and in all animals receiving saline or CYP
using haematoxylin–eosin staining to assess bladder histology.
Bladders were fixed overnight in 10% buffered formalin solution
and blocked in paraffin on the following day. Bladder tissue
was sectioned into 6-lm sections. Sections were then stained
with haematoxylin and eosin.RESULTS
Exogenous administration of BDNFBladder reflex activity after intrathecal administration of
BDNF to non-inflamed rats. To evaluate the acute effect
of BDNF on bladder reflex activity, non-inflamed rats
received sequential intrathecal injections of increasingly
greater amounts of BDNF, in a total of three injections
per animal. At baseline, the frequency of bladder con-
tractions of control animals was 0.46 ± 0.1 contraction/
min (Fig. 1A, E). Administration of the lowest dose of
BDNF (0.01 lg) resulted in a non-significant increase
to (0.75 ± 0.4 contractions/min; Fig. 1B, E). After
intrathecal treatment with 0.1 lg and 1.5 lg of BDNF,0
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increased to 1.20 ± 0.2 and 1.40 ± 0.3 contractions/
minute, respectively (p< 0.001 versus control animals;
Fig. 1C–E). This increased frequency of bladder
contractions was only observed in the 10-min period
following BDNF administration, after which the
frequency of bladder contractions returned to the
baseline. Changes in the frequency of bladder reflex
were not accompanied by alterations in the peak
pressure, amplitudes of bladder contractions and AUC
(respectively, Fig. 1F–H).
The effect of chronic intrathecal administration of
BDNF on bladder function was studied by using mini-
osmotic pumps for chronic delivery of sterile saline or
BDNF. BDNF was administered at a rate of 1 ll/h
(1.5 lg/day) for 5 days. Measurements were taken on
the sixth day. In animals receiving chronic saline, the
frequency of bladder contractions was 0.38 ± 0.1
contractions/minute (Fig. 2A, C), similar to that observed
in control non-manipulated rats. Chronic intrathecal
BDNF treatment did not significantly alter the frequency
of bladder contractions (0.47 ± 0.1 contractions/min;
Fig. 2B, C). As observed following acute intrathecal
BDNF injection, no changes were observed in the peak0
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(respectively, Fig. 2D–F).Cutaneous sensitivity after acute and chronic intrathe-
cal administration of BDNF to non-inflamed rats. In this
set of experiments, the effects of acute BDNF
administration on animal behaviour were evaluated
immediately after intrathecal injection of saline and
1.5 lg of BDNF. In control non-inflamed animals treated
with saline, the basal MT on the abdominal region was
60.00 ± 0.2 g, remaining constant throughout the period
of testing (Fig. 3A). The group of animals treated with
BDNF presented with a basal abdominal MT of
48.60 ± 15.1 g (Fig. 3A). Acute intrathecal
administration of 1.5 lg of BDNF caused a significant
reduction (p< 0.001 between 4 and 19 min and
p< 0.05 22–24 min versus non-inflamed animals
treated with saline; Fig. 3A). The minimum value
(7.30 ± 0.9 g) was observed 12 min after BDNF
administration (Fig. 3A). After this time point, the
abdominal MT returned to baseline values.*******
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86On the right hindpaw, the basal MT of control animals
treated with saline was 26.00 ± 0.3 g and remained at
similar values throughout the whole testing period
(Fig. 3B). In the group of animals that received 1.5 lg
intrathecal BDNF the baseline hindpaw MT was
26.00 ± 0.5 g (Fig. 3B). Intrathecal BDNF administration
resulted in a significant (p< 0.05 versus control animals
treated with saline) reduction of MT in the hindpaw; in
all animals the minimum value was observed 17 min
after BDNF administration (10.00 ± 0.0 g). After the 22-
min time point, the MT increased again to baseline values.
The effects of chronic intrathecal treatment of BDNF
on cutaneous sensitivity were also assessed. In the
group of animals administered saline chronically, the
abdominal baseline MT was 60.00 ± 0.2 g (Fig. 4A). A
decrease of the MT to 15.00 ± 0.1 g was observed, at
24 h post-CYP possibly due to the subcutaneous
placement of the osmotic mini-pump. The abdominal MT
increased to 26.00 ± 0.0 g at the remaining time points.
In the group of animals receiving chronic BDNF (1 ll/h;
1.5 lg/day), the baseline abdominal MT on the lowerBDNF
********
   12       17      19      22      25       30
in)
BDNF
**
in)
    12           17         19           22          25         30
ht hindpaw (B) from non-inflamed animals after acute intrathecal
non-inflamed animals receiving saline, the MTs remained constant
nted a significant reduction of the abdominal MT between the 4th and
e-treated animals). (B) In the right hindpaw, the MT of saline-treated
iving BDNF showed a reduction in the MT between the 6th and 22nd
ts, error bars (±SD) are not visible as there was no variation in values
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dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶabdomen was 60.00 ± 0.1 g (Fig. 4A). The abdominal
MT significantly decreased 24 h after intrathecal
placement of the osmotic pump and remained similarly
low until the end of the behavioural assessment. The
MT values registered were 9.50 ± 5.5 g at 24 h,
6.00 ± 2.0 g at 48 h (p< 0.05 versus saline-treated
animals), 6.00 ± 0.0 g at 72 h and 6.00 ± 0.0 g at 96 h
(p< 0.001 versus saline-treated animals; Fig. 4A).
In the right hindpaw, the baseline MT of animals
receiving chronic saline was 26.00 ± 0.1 g (Fig. 4B). In
this group of animals, the hindpaw MT decreased to
15.00 ± 0.1 g at 24 h post-CYP and remained constant
at all time points thereafter (Fig. 4B). Chronic
administration of BDNF also resulted in a reduction of
MT in the hindpaw at all time points of the experiment.
The MT significantly decreased from 26.00 ± 0.1 g at
baseline to 17.00 ± 12.2 g at 24 h, 10.50 ± 6.4 g at
48 h, 6.00 ± 0.0 g at 72 h (p< 0.001 versus saline-
treated animals) and 7.00 ± 1.4 g at 96 h (p< 0.05
versus saline-treated animals; Fig. 4B).0
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Fig. 4. Mechanical thresholds (MTs) of the lower abdomen (A) and
right hindpaw (B) from non-inflamed animals after chronic intrathecal
infusion of saline and BDNF (1.5 lg/day) during 5 days. (A) In the
lower abdomen, saline-treated animals presented a decrease in the
MT 24 h after placement of the osmotic pump, increasing at later time
points. In the group of animals receiving chronic BDNF, the MT was
significantly reduced at all experiment time-points in comparison with
saline-treated animals (⁄p< 0.05 at 48 h; ⁄⁄⁄p< 0.001) at 72–96 h.
(B) In the right hindpaw, the MT of non-inflamed animals treated with
saline remained unaltered. Chronic infusion of BDNF lead to a
significant reduction in the MT only at 72 h (⁄p< 0.001) and 96 h of
treatment (⁄p< 0.05) when compared to saline-treated animals. For
some points, error bars (±SD) are not visible as there was no
variation in values between animals.
ϴϳBlockade of Trk receptors and BDNF sequestration
As exogenous administration of BDNF resulted in
heightened bladder reflex activity and increased
cutaneous sensitivity, we sought to investigate if BDNF
blockade would improve bladder hyperactivity and
referred pain in rats with cystitis. For that, we used
k252a, a general blocker of Trk receptors, and TrkB-Ig2,
a BDNF scavenger (Banfield et al., 2001; Naylor et al.,
2002).Fig. 5. (A–C) Bladder histology of control non-inflamed and CYP-
inflamed animals treated with saline. Scale bar = 20 lm. (A, B)
Bladder tissue of non-inflamed animals was unchanged after saline
treatment. (C) In contrast, bladders from CYP-inflamed animals
treated with saline presented obvious signs of inflammation, blood
infiltration and oedema in the lamina propria and a reduced thickness
of the urothelium.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionBladder histology. Sections from the bladder of CYP-
treated animals stained with haematoxilin and eosin
showed obvious signs of inflammation (Fig. 5C), in
comparison with bladders from non-inflamed (Fig. 5A)
and CYP-inflamed rats treated with saline (Fig. 5B).
Inflammation signs observed included oedema and
blood infiltration in the lamina propria as well as reduced
thickness of the urothelium.Bladder reflex activity after intrathecal injection of
saline, k252a and TrkB-Ig2 in CYP-inflamed rats. To
explore if BDNF blockade would improve bladder
function in chronic bladder inflammation, animals with
chronic CYP-induced cystitis received intrathecal saline,
k252a or TrkB-Ig2 whilst bladder reflex activity was
registered. Increasingly greater amounts of k252a or
TrkB-Ig2 were injected every 30 min. K252a was used
as an comparison for TrkB-Ig2-mediated effects on
bladder function and behaviour. At baseline, the
frequency of bladder contractions from CYP-inflamed
animals was 0.96 ± 0.1 contractions/minute (Figs. 6B
and 7A), a value significantly higher than that observed
in non-inflamed control animals (0.50 ± 0.1
contractions/minute; p< 0.05; Figs. 6A and 7A). The
treatment with intrathecal saline did not alter bladderA: Control
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Fig. 6. (A–G) Representative cystometrograms of control and CYP-inflamed
Ig2 (1 and 10 lg). Saline, k252a, or TrkB-Ig2 was administered via the intrathe
reflex activity of CYP-inflamed animals was significantly increased when com
the urinary frequency of CYP-inflamed animals after intrathecal injection of sa
TrkB-Ig2 (F, G) presented a significant reduction of bladder reflex activity in
88frequency, which remained at 1.00 ± 0.5 contractions/
minute (Figs. 6C and 7A). After intrathecal
administration of k252a, the frequency of bladder
contractions was significantly reduced to 0.60 ± 0.4
(after 2 lg; p< 0.05 versus saline; Figs. 6D and 7A)
and 0.66 ± 0.4 contractions/minute (after 6 lg;
p< 0.05 versus saline; Figs. 6E and 7A).
The frequency of bladder contractions in CYP-
inflamed animals treated with TrkB-Ig2 was also reduced
following intrathecal administration of 1 and 10 lg of
TrkB-Ig2, respectively being 0.40 ± 0.1 and 0.30 ± 0.1
contractions/minute (p< 0.05 versus saline; Figs. 6F,
G, and 7A). No changes in the peak pressure and
amplitudes of bladder contractions and AUC occurred
after intrathecal administration of k252a or TrkB-Ig2
(Fig. 7B–D).Referred pain after intrathecal injection of saline,
k252a and TrkB-Ig2 in CYP-inflamed rats. The group of
CYP-inflamed animals receiving intrathecal saline
presented a significant decrease on the abdominal MT at
4, 24 and 48 h post-CYP injection when compared to
values registered before the induction of bladder
inflammation (Figs. 8A and 9A). Intrathecal administration
of 2 or 6 lg of k252a caused a significant improvement ofs 10
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animals treated with intrathecal saline, k252a (2 and 6 lg), and TrkB-
cal catheter every 30 min during cystometry. (A, B) The basal bladder
pared to control non-inflamed animals. No differences were found in
line (C). The group of CYP-inflamed rats treated with k252a (D, E) and
comparison to CYP-inflamed animals with saline.
Control 2 g 
CYP + k252a 
 6 g 
CYP + TrkB-Ig2
 1 g  10 g 
0
10
20
30
40
Pe
ak
 P
re
ss
ur
e
CYP  CYP +
Saline
0
10
20
30
Control 2 g 
CYP + k252a 
 6 g 
CYP + TrkB-Ig2
 1 g  10 gCYP  CYP +
Saline
Am
pl
itu
de
 o
f B
la
dd
er
 
C
on
tra
ct
io
ns
0
200
400
600
Control 2 g 
CYP + k252a 
 6 µ
CYP + TrkB-Ig2
 1 g  10 gCYP  CYP +
Saline
AU
C
0
0,5
1
1,5
2
*
* *
* *Fre
qu
en
cy
 o
f B
la
dd
er
 
C
on
tra
ct
io
ns
/m
in
Control 2 µg 
CYP + k252a 
 6 µg 
CYP + TrkB-Ig2
 1 µg  10 µgCYP  CYP +
Saline
A
B
C
D
Fig. 7. (A–D) Histograms showing the mean frequency (A), peak
pressure (B) and amplitude (C) of bladder contractions and AUC (D)
of CYP-inflamed animals treated with saline, k252a (2 and 6 lg), and
TrkB-Ig2 (1 and 10 lg). (A) The frequency of bladder contractions of
CYP-inflamed animals receiving saline was significantly elevated
when compared to control non-inflamed rats (⁄p< 0.05). No differ-
ences were found after intrathecal treatment with saline. The urinary
frequency of CYP-inflamed animals was significantly reduced after
intrathecal treatment with 2 and 6 lg of k252a (⁄p< 0.05 versus
CYP-inflamed animals receiving saline), 1 and 10 lg of TrkB-Ig2
(⁄p< 0.05 versus CYP-inflamed animals receiving saline). (B–D)
The amplitude of bladder contractions, peak pressure and AUC
remained unchanged between groups.
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Fig. 8. (A, B) Mechanical thresholds (MTs) of the lower abdomen (A)
and right hindpaw (B) of CYP-inflamed animals, injected intrathecally
at 4, 24 and 48 h post-CYP injection, with saline and k252a (2 and
6 lg). Saline or k252a was administered 15 min prior to the
determination of the MT with the von Frey monofilaments. In the
lower abdomen (A), the MT was significantly decreased (⁄p< 0.05
versus before CYP injection) by inflammation and not changed by
saline administration. The MT remained low until the end of the
experiment. The abdominal MT of CYP-inflamed animals treated with
2 and 6 lg of k252a was significantly increased at 4, 24 and 48 h-post
injection (⁄p< 0.05) in comparison to CYP inflamed saline-treated
animals. In the right hindpaw (B) the MT decreased only 24 h after
CYP administration (#p< 0.05 versus before CYP injection). No
differences were found after intrathecal treatment with saline. In the
group of inflamed animals receiving k252a, the abdominal MT was
significantly increased at 24 and 48 h post-CYP injection (⁄p< 0.05
or ⁄⁄⁄p< 0.001 versus CYP-inflamed animals with saline). For some
points, error bars (±SD) are not visible as there was no variation in
values between animals.
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ϴϵthe abdominal MT at all time points tested (Fig. 8A). On the
right hindpaw, we only observed a significant decrease of
the MT 24 h after CYP injection (Fig. 8B). Intrathecal
injection of both doses of k252a significantly increased
the MT in the hindpaw (Fig. 8B).
BDNF sequestration with TrkB-Ig2 also produced
beneficial effects. Indeed, a significant improvement was
found both in the abdominal and hindpaw MT following
intrathecal injection of the BDNF sequestrant at all time
points of inflammation (Fig. 9A, B). However, despite
the effects on bladder reflex activity, it should be noted
that treatment with 10 lg of TrkB-Ig2 in awake animals
produced significant side-effects, such as the loss of
equilibrium. Thus, behavioural assessment was only
performed in two animals, after which they were
immediately euthanized. No more experiments were
conducted using this dose.
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Fig. 9. (A, B) Mechanical thresholds (MTs) of the lower abdomen
and right hindpaw of CYP-inflamed animals intrathecally injected at 4,
24 and 48 h post-CYP injection, with saline and TrkB-Ig2 (1 and
10 lg). Saline or TrkB-Ig2 was administered via the intrathecal
catheter every 30 min during cystometry, and 15 min prior to the
determination of the MT with the von Frey monofilaments. In the
lower abdomen (A), the MT of CYP-inflamed animals receiving saline
was significantly reduced throughout the experiment (⁄p< 0.05
versus before CYP injection). The abdominal MT of CYP-inflamed
animals treated with 1 lg of TrkB-Ig2 was significantly improved at 4
and 24 h post-CYP-injection (⁄⁄⁄p< 0.001 versus CYP-inflamed
animals treated with saline). However, the MT of inflamed animals
treated with 10 lg of TrkB-Ig2 (n= 2) was only improved at 4 h post-
CYP injection. In the right hindpaw (B), the MT was significantly
improved in CYP-inflamed animals receiving 1 and 10 lg of TrkB-Ig2
(⁄⁄⁄p< 0.001 versus CYP-injected animals treated with saline). For
some points, error bars (±SD) are not visible as there was no
variation in values between animals. In addition error bars cannot be
given for animals receiving 10 lg of TrkB-Ig2 as n= 2.
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dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶSpinal cord ERK activation after intrathecal injection of
saline, k252a and TrkB-Ig2 in CYP-inflamed rats. Immu-
nostaining of L5/L6 spinal cord sections of CYP-
inflamed animals treated with saline revealed the
presence of phosphoERK-positive cells, distributed
bilaterally on the superficial laminae I and II of the DHs,
on the DCM and on the ILGs. The number of positive
cells observed in the DHs of CYP-inflamed rats
receiving saline was 24.70 ± 8.9 (Figs. 10A and 11A).
Intrathecal administration of 2 and 6 lg k252a resulted
in a decrease to 12.10 ± 4.0 and 7.70 ± 3.6 (p< 0.05
versus CYP-inflamed animals treated with saline;
Figs. 10B, C and 11A). Likewise, intrathecal injection of
1 lg of TrkB-Ig2 significantly reduced the number of
phosphoERK cells to 8.60 ± 1.7 (p< 0.05 versus CYP-
inflamed animals treated with saline; Figs. 10D and 11A).
In the DCM, the number of phosphoERK-IR cells in
spinal sections from CYP-inflamed animals treated with
saline was 15.20 ± 0.6 (Figs. 10A and 11B). Following
the administration of k252a, the number of positive cellsϵϬwas 12.3 ± 6.2 and 6.40 ± 3.4 after intrathecal
injection of, respectively, 2 and 6 lg of the compound
(p< 0.05 versus CYP-inflamed animals treated with
saline; Figs. 10B and 11B). After intrathecal
administration of 1 lg of TrkB-Ig2 the number of IR cells
was 8.40 ± 3.1 (p< 0.05 versus CYP-inflamed animals
treated with saline; Figs. 10D and 11B).
In spinal sections of CYP-inflamed rats receiving
intrathecal saline, the number of phosphoERK-IR cells
observed in the ILGs was 9.30 ± 1.0 (Figs. 10A and
11C). In spinal sections from animals receiving k252a,
the number of positive cells was 12.40 ± 3.6 in rats
receiving 2 lg and 4.70 ± 3.3 after 6 lg of the drug
(p< 0.05 versus CYP-inflamed animals treated with
saline; Figs. 10B, C, and 11C). In rats receiving 1 lg of
TrkB-Ig2 the number of phosphoERK-IR cells was
6.20 ± 0.5(p< 0.05 versus CYP-inflamed animals
treated with saline; Figs. 10D and 11).
BDNF expression at the spinal cord. BDNF was
expressed throughout the spinal cord, particularly in the
DH (Fig. 12A and B). We found IR cell bodies in all
layers of the cord. In the superficial layers of the cord
there was also intense immunostaining, most likely
reflecting the presence of BDNF in the spinal processes
of primary afferents. We found that administration of
1 lg of TrkB-Ig2 resulted in a significant reduction in
spinal BDNF expression (p< 0.05 versus CYP-inflamed
animals, Fig. 12C).
DISCUSSION
In an effort to better understand the role of central effects
of BDNF in interstitial cystitis, the present study examined
the effects of acute and chronic intrathecal administration
of BDNF to non-inflamed rats on bladder function, and
BDNF sequestration during CYP-induced bladder
inflammation. As in other studies (Pinto et al., 2010),
CYP administration induced a pronounced inflammation
of the bladder, confirmed by histological analysis of
bladder tissue. The results presented here show an
increase of urinary frequency immediately after acute
intrathecal administration of BDNF, as well as
behavioural signs of pain. In addition, animals with
chronic cystitis showed a reduction in bladder
hyperactivity and referred pain following Trk blockade
with k252a or BDNF sequestration with TrkB-Ig2,
indicating that this NTs participates in referred pain and
bladder hyperactivity in chronic conditions. Surprisingly,
following chronic administration of BDNF only allodynia
was observed and bladder hyperactivity, observed after
acute BDNF administration, was not present.
The effects of acute intrathecal BDNF administration
on bladder function and cutaneous sensitivity were
observed shortly after injection. The reason for the rapid
effect of intrathecal BDNF may be easily understood as
being due to the activation of TrkB receptors present in
dorsal horn neurons, postsynaptic to bladder afferents.
Binding of BDNF to these receptors induces swift
downstream activation of intracellular signalling
pathways such as the ERK 1 and 2 cascade in spinal
neurons postsynaptic to primary afferents (Lever et al.,
Fig. 10. (A-D) Representative photomicrographs of the total number of phosphoERK-IR cells in L5/L6 spinal cord sections from CYP-inflamed
animals after intrathecal injection of saline (A), 2 lg of k252a (B), 6 lg of k252a (C), and 1 lg of TrkB-Ig2 (D). Scale bars = 100 lm. Magnified
images, scale bar = 20 lm. The phosphoERK immunoreactive cells were found in the laminae I and II of the dorsal horn (DH; left column), in the
dorsal commissure (DCM; central column) and in the intermediolateral grey matter (ILGs; right column). Trk blockade or NT sequestration resulted
in a significant reduction in phosphoERK expression in the analysed areas of the cord. Boxes in images refer to higher power images of
phosphoERK-positive cells in the analysed areas of the cord.
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The importance of the neurtrophins NGF and BDNF in bladder dysfunction2003b; Slack et al., 2004, 2005), an essential mechanism
of spinal processing of peripheral noxious input (Ji et al.,
1999, 2009; Pezet et al., 2002c; Pezet and McMahon,912006; Zhao et al., 2006). Also, the activation of this
pathway has already been linked to bladder
hyperactivity and increased sensory barrage associated
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Fig. 11. (A–C) Histograms depicting the mean number (±SD) of
phosphoERK activation in dorsal horn (DH), dorsal commissure
(DCM) and intermediolateral grey matter (ILGs) in sections from L5/
L6 spinal cord. Intrathecal delivery of 6 lg of k252a and 1 lg of TrkB-
Ig2 resulted in significant reduction of phosphoERK expression in the
DH, DCM and ILGs in spinal cells (⁄p< 0.05 versus CYP-inflamed
animal treated with saline).
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctionwith chronic bladder inflammation (Cruz et al., 2005). In
that study, after bladder stimulation we observed a rapid
increase in the number of phosphoERK-positive dorsal
horn neurons located in the projection areas of bladder
afferents (Cruz et al., 2005).
In the present study we observed that the acute
effects of intrathecal BDNF were short-lived. Bladder
hyperactivity was observed in the 10-min period after
BDNF injection. Likewise, allodynia was only observed
in the 20-min time frame following intrathecal BDNF92administration, after which cutaneous sensitivity returned
to baseline values. This is in accordance with previous
studies which indicated that the activation of the
downstream ERK pathway by BDNF is short-lasting
(Pezet et al., 2002b; Lever et al., 2003b; Pezet and
McMahon, 2006; Zhao et al., 2006). We have previously
demonstrated that in spinal cord neurons, ERK
phosphorylation following bladder distension rapidly
disappeared 10 min after stimulation and was no longer
observed two hours after stimulus (Cruz et al., 2005). The
reason for the short duration of the effect of acute BDNF
treatment may result from inactivation of the above-
mentioned signalling cascade, quickly achieved by
specific phosphatases (Muda et al., 1996). In addition,
cessation of BDNF signalling in spinal synapses is very
likely to be a rapid process, dependent on TrkB
internalization, simple diffusion of the NT or its
degradation by extracellular proteases (Pezet et al.,
2002c; Pezet and McMahon, 2006).
The results observed following acute intrathecal
administration of BDNF support the hypothesis that
bladder hyperactivity and referred pain in the lower
abdomen and hindpaw observed during CYP-induced
cystitis may depend on the excessive levels of spinal
BDNF. Accordingly, spinal blockade of TrkB receptors
with intrathecal k252a or BDNF sequestration with TrkB-
Ig2 resulted in a marked reduction in bladder hyperactivity
and referred pain. Likewise, in rats with colonic
inflammation, treatment with an anti-BDNF antibody
resulted in a decrease in abdominal pain threshold in
response to colonic distension (Delafoy et al., 2006). In
our CYP-inflamed rats, reduction of bladder hyperactivity
and referred pain levels, obtained with k252a or TrkB-Ig2
administration, was accompanied by reduced levels of
spinal expression of phosphoERK, indicating reduced
BDNF-dependent spinal cord activation. BDNF
immunostaining confirmed the effectiveness of the TrkB-
Ig2 scavenging treatment, as reduction of phosphoERK
expression was accompanied by a pronounced decrease
in spinal BDNF.
In agreement with the considerations above, chronic
BDNF induced referred pain, as indicated by signs of
allodynia in the lower abdomen and hindpaw. Allodynia
is a hallmark of chronic pain and reflects the occurrence
of central sensitization (Latremoliere and Woolf, 2009;
Woolf, 2011). Activation of spinal TrkB by BDNF is an
important event for central sensitization (Ren and
Dubner, 2007). In fact, binding of BDNF to TrkB induces
the phosphorylation of specific N-methyl-D-aspartate
(NMDA) subunits via ERK activation (Slack and
Thompson, 2002; Slack et al., 2004), an essential
mechanism of central sensitization related to chronic
somatic (Costigan and Woolf, 2000; Haddad, 2005) and
visceral pain (Tian et al., 2008).
Most unexpectedly, chronic BDNF did not produce
detectable changes in bladder reflex activity. This was a
systematic finding, observed in all animals receiving
chronic intrathecal BDNF. A clear explanation can only
be speculated upon. One could hypothesize that
exogenous BDNF, being a recombinant protein, is
metabolized more rapidly than its endogenous
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Fig. 12. (A, B) Photomicrographs depicting BDNF expression in the L6 spinal cord segment of CYP-inflamed animals and CYP-inflamed animals
treated with TrkB-Ig2. Scale bar = 20 lm. In the spinal cord, BDNF expression was present in cell bodies throughout the dorsal horn.
Immunoreaction was more intense in laminae I and II, reflecting the presence of primary afferents containing BDNF. (C) Graph of bars showing the
mean intensity of BDNF expression in the L6 spinal cord segment. BDNF expression was significantly reduced throughout the cord after intrathecal
administration of TrkB-Ig2 (
⁄p< 0.05 versus CYP-inflamed animals treated with saline).
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The importance of the neurtrophins NGF and BDNF in bladder dysfunctioncounterpart. However, this explanation is difficult to
support by the signs of referred pain, which were similar
in rats after chronic BDNF administration or with chronic
cystitis which is accompanied by high BDNF levels
(Vizzard, 2000). An important aspect to consider is that in
the group of rats receiving chronic BDNF treatment the
peripheral inflammatory component was absent. This
could be essential for the establishment of bladder
hyperactivity, indicating a strong dependence on
peripheral mechanisms. In addition, one can hypothesize
that chronic exposure to BDNF may have enhanced
spinal GABAergic interneurons that express TrkB (Pezet
et al., 2002a; Lever et al., 2003a; Bardoni et al., 2007).
Bladder function is regulated by, and sensitive to, pontine
projections that contact with GABAergic spinal neurons
(Blok et al., 1997). In fact, potentiation of GABAergic
neurotransmission at the spinal cord level is currently
viewed as a potential therapeutic solution for neurogenic
detrusor overactivity (Miyazato et al., 2008, 2009).CONCLUSION
The present study highlights the distinctive contribution of
BDNF to referred pain and bladder hyperactivity
accompanying cystitis. Our experiments with k252a and
TrkB-Ig2, the recombinant BDNF scavenger, suggest
that treatment of chronic cystitis could at some point
include the modulation of BDNF. Significantly, together
with a previous study from our group (Pinto et al.,
2010), the present results support a novel role for BDNF
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ƵĂƌƚĞ ƌƵǌϭ͕Ϯη
ϭ ĞƉĂƌƚŵĞŶƚ ŽĨ ǆƉĞƌŝŵĞŶƚĂů ŝŽůŽŐǇ͕ &ĂĐƵůƚǇ ŽĨ DĞĚŝĐŝŶĞ ŽĨ WŽƌƚŽ͕ hŶŝǀĞƌƐŝƚǇ ŽĨ WŽƌƚŽ͕ WŽƌƚƵŐĂů͖ Ϯ /D ‐ /ŶƐƚŝƚƵƚŽ ĚĞ ŝŽůŽŐŝĂ DŽůĞĐƵůĂƌ Ğ ĞůƵůĂƌ͕ hŶŝǀĞƌƐŝĚĂĚĞ 
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,ŽƐƉŝƚĂů ĚĞ ^͘ :ŽĆŽ͕ WŽƌƚŽ͕ WŽƌƚƵŐĂů͘
Abstract EĞƵƌŽŐĞŶŝĐ ĚĞƚƌƵƐŽƌ ŽǀĞƌĂĐƚŝǀŝƚǇ ;EKͿ ŝƐ Ă ǁĞůů‐ŬŶŽǁŶ ĐŽŶƐĞƋƵĞŶĐĞ ŽĨ ƐƉŝŶĂů ĐŽƌĚ ŝŶũƵƌǇ ;^/Ϳ ƚŚĂƚ ĞŵĞƌŐĞƐ ĂĨƚĞƌ Ă 
ƉĞƌŝŽĚ ŽĨ ƐƉŝŶĂů ƐŚŽĐŬ ĚƵƌŝŶŐ ǁŚŝĐŚ ƚŚĞ ďůĂĚĚĞƌ ŝƐ ĂƌĞĨůĞǆŝĐ͘ dŚĞ ĂƉƉĞĂƌĂŶĐĞ ĂŶĚ ŵĂŝŶƚĞŶĂŶĐĞ ŽĨ EK ĂƌĞ ĚĞƉĞŶĚĞŶƚ ŽŶ ƉƌŽĨŽƵŶĚ 
ƉůĂƐƚŝĐ ĐŚĂŶŐĞƐ ŽĨ ƚŚĞ ƐƉŝŶĂů ŶĞƵƌŽŶĂů ƉĂƚŚǁĂǇƐ ƚŚĂƚ ƌĞŐƵůĂƚĞ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ͘ /ƚ ŝƐ ŐĞŶĞƌĂůůǇ ĂƐƐƵŵĞĚ ƚŚĂƚ ŶĞƵƌŽƚƌŽƉŚŝŶƐ ;EdƐͿ 
ĂƌĞ ŵĂũŽƌ ƌĞŐƵůĂƚŽƌƐ ŽĨ ƐƵĐŚ ŶĞƵƌŽƉůĂƐƚŝĐ ĐŚĂŶŐĞƐ͘ EĞƌǀĞ ŐƌŽǁƚŚ ĨĂĐƚŽƌ ;E'&Ϳ ŝƐ ƚŚĞ ďĞƐƚ ƐƚƵĚŝĞĚ Ed ŝŶ ƚŚĞ ďůĂĚĚĞƌ ĂŶĚ ŝƚƐ ƌŽůĞ ŽĨ 
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ĐĐŽƌĚŝŶŐůǇ͕ E& ƐĞƋƵĞƐƚƌĂƚŝŽŶ ƌĞƐƵůƚĞĚ ŝŶ ŝŶĐƌĞĂƐĞĚ ĂǆŽŶĂů ŐƌŽǁƚŚ ĂŶĚ ĞĂƌůǇ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ͘ dŚĞƐĞ ĨŝŶĚŝŶŐƐ ŚŝŐŚůŝŐŚƚ ƚŚĞ 
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ŵĂŶĂŐĞ ^/ ƉĂƚŝĞŶƚƐ͘  
Introduction 
KŶĞ ŽĨ ƚŚĞ ŵŽƐƚ  ŝŵƉŽƌƚĂŶƚ ĐŽŶƐĞƋƵĞŶĐĞƐ ŽĨ 
ƐƉŝŶĂů ĐŽƌĚ ŝŶũƵƌǇ ;^/Ϳ ŝƐ ƐĞǀĞƌĞ ƵƌŝŶĂƌǇ ĚǇƐĨƵŶĐƚŝŽŶ 
;ĚĞ 'ƌŽĂƚ t͕ ϭϵϵϬ͖ ƌƵǌ ĂŶĚ ƌƵǌ͕ ϮϬϭϭͿ͘ dƌĂƵŵĂ 
ŝƐ  ŝŵŵĞĚŝĂƚĞůǇ  ĨŽůůŽǁĞĚ  ďǇ  ƐƉŝŶĂů  ƐŚŽĐŬ͕  ĚƵƌŝŶŐ 
ǁŚŝĐŚ  ƚŚĞ  ďůĂĚĚĞƌ  ŝƐ  ĂƌƌĞĨůĞǆŝĐ  ĂŶĚ  ƵƌŝŶĂƌǇ 
ƌĞƚĞŶƚŝŽŶ  ŽĐĐƵƌƐ͘  /Ŷ  ƚŝŵĞ͕  ŝŶ  ůĞƐŝŽŶƐ  ĂďŽǀĞ  ƐĂĐƌĂů 
ƐƉŝŶĂů ĐŽƌĚ ƐĞŐŵĞŶƚƐ͕ ƐƉŝŶĂů ƐŚŽĐŬ ŝƐ ŽƵƚǁĞŝŐŚĞĚ ďǇ 
ƚŚĞ ĞŵĞƌŐĞŶĐĞ ŽĨ ĂŶ  ŝŶǀŽůƵŶƚĂƌǇ ŵŝĐƚƵƌŝƚŝŽŶ ƌĞĨůĞǆ 
ĐŽŶƚƌŽůůĞĚ  ďǇ  Ă  ĐŝƌĐƵŝƚ  ƚŽƚĂůůǇ  ůŽĐĂƚĞĚ  ďĞůŽǁ  ƚŚĞ 
ĂƌĞĂ ŽĨ ƚŚĞ ůĞƐŝŽŶ͘ dŚŝƐ ŶĞǁ ƐƉŝŶĂů ŵŝĐƚƵƌŝƚŝŽŶ ƌĞĨůĞǆ 
ĚŽĞƐ  ŶŽƚ  ŐƵĂƌĂŶƚĞĞ  ƚŚĞ  ĐŽŽƌĚŝŶĂƚŝŽŶ  ďĞƚǁĞĞŶ 
ĚĞƚƌƵƐŽƌ ĐŽŶƚƌĂĐƚŝŽŶ ĂŶĚ ďůĂĚĚĞƌ ŽƵƚůĞƚ ƌĞůĂǆĂƚŝŽŶ͘ 
DĂŶǇ  ^/  ƉĂƚŝĞŶƚƐ  ĂƌĞ  ŝŶĐŽŶƚŝŶĞŶƚ  ĂŶĚ  ǁŝůů 
ƉƌĞƐĞŶƚ  Ă  ĨƵŶĐƚŝŽŶĂů  ďůĂĚĚĞƌ  ŽƵƚůĞƚ  ŽďƐƚƌƵĐƚŝŽŶ 
ĐĂůůĞĚ  ĚĞƚƌƵƐŽƌ‐ƐƉŚŝŶĐƚĞƌ‐ĚǇƐƐǇŶĞƌŐŝĂ  ;^Ϳ͘  dŚŝƐ 
ůĞĂĚƐ  ƚŽ  ůŽŶŐ ƉĞƌŝŽĚƐ ŽĨ ŚŝŐŚ  ŝŶƚƌĂǀĞƐŝĐĂů ƉƌĞƐƐƵƌĞ͕ 
ǁŚŝĐŚ ĞŶĚĂŶŐĞƌ  ƚŚĞ ƵƉƉĞƌ ƵƌŝŶĂƌǇ  ƚƌĂĐƚ  ĂŶĚ  ƌĞŶĂů 
ĨƵŶĐƚŝŽŶ  ;ZĂďĐŚĞǀƐŬǇ͕  ϮϬϬϲͿ͘ /Ŷ  ĂĚĚŝƚŝŽŶ͕  ďůĂĚĚĞƌ 
ĨŝůůŝŶŐ  ŝƐ  ƉƵŶĐƚƵĂƚĞĚ  ďǇ  ŝŶǀŽůƵŶƚĂƌǇ  ĚĞƚƌƵƐŽƌ 
ĐŽŶƚƌĂĐƚŝŽŶƐ͕  Ă  ĐŽŶĚŝƚŝŽŶ  ƚĞƌŵĞĚ  ŶĞƵƌŽŐĞŶŝĐ 
ĚĞƚƌƵƐŽƌ  ŽǀĞƌĂĐƚŝǀŝƚǇ  ;EKͿ͘  ^ƵĐŚ  ƌŝƐĞƐ  ŝŶ 
ŝŶƚƌĂǀĞƐŝĐĂů  ƉƌĞƐƐƵƌĞ  ĨƵƌƚŚĞƌ  ĞŶĚĂŶŐĞƌ  ƚŚĞ  ƵƉƉĞƌ 
ƵƌŝŶĂƌǇ  ƚƌĂĐƚ  ĂŶĚ  ĐĂŶ  ƚƌŝŐŐĞƌ  ĞƉŝƐŽĚĞƐ  ŽĨ  ƵƌŝŶĂƌǇ 
ŝŶĐŽŶƚŝŶĞŶĐĞ͘  
dŚĞƌĞĨŽƌĞ͕  ŝŶŝƚŝĂů  ŵĂŶĂŐĞŵĞŶƚ  ŽĨ  ^/  ƉĂƚŝĞŶƚƐ 
ƚǇƉŝĐĂůůǇ  ŝŶĐůƵĚĞƐ  ŵĞĂƐƵƌĞƐ  ƚŽ  ƉƌŽƚĞĐƚ  ŬŝĚŶĞǇ 
ĨƵŶĐƚŝŽŶ  ďǇ  ƌĞůŝĞǀŝŶŐ  ^  ĂŶĚ  ƌĞĚƵĐŝŶŐ  ƉƌĞƐƐƵƌĞ͘ 
KŶĐĞ  ŝŶƚƌĂǀĞƐŝĐĂů  ƉƌĞƐƐƵƌĞ  ŝƐ  ƵŶĚĞƌ  ĐŽŶƚƌŽů 
ŝŶĐŽŶƚŝŶĞŶĐĞ ĞŵĞƌŐĞƐ ĂƐ Ă ĐƌŝƚŝĐĂů ƉŽŝŶƚ ƚŽ ƚŚĞ  
ƋƵĂůŝƚǇ  ŽĨ  ůŝĨĞ  ŽĨ  ƚŚĞƐĞ  ƉĂƚŝĞŶƚƐ͘  ZĞƐƵůƚƐ  ĨƌŽŵ  Ă 
ƐĞƌŝĞƐ  ŽĨ  ƐƵƌǀĞǇƐ  ĂƌĞ  ĞǀŝĚĞŶƚ͗  ĂĨƚĞƌ  ŝŵƉƌŽǀŝŶŐ 
ŵŽƚŽƌ ĨƵŶĐƚŝŽŶ͕ ƌĞŐĂŝŶŝŶŐ ďůĂĚĚĞƌ ĐŽŶƚƌŽů  ŝƐ ŽĨ ƚŚĞ 
ŚŝŐŚĞƐƚ ƉƌŝŽƌŝƚǇ  ĨŽƌ  ^/ ƉĂƚŝĞŶƚƐ  ;<Ƶ͕ ϮϬϬϲ͖  &ƌĞŶĐŚ 
Ğƚ Ăů͕͘ ϮϬϭϬ͖ ^ŝŵƉƐŽŶ Ğƚ Ăů͕͘ ϮϬϭϮͿ͘ ŶƚŝŵƵƐĐĂƌŝŶŝĐƐ 
ĚƌƵŐƐ  ĂŶĚ  ŽŶĂďŽƚƵůŝŶƵŵ  ƚŽǆŝŶ    ĂƌĞ  ĐŽŵŵŽŶůǇ 
ƵƐĞĚ  ƚŽ  ƌĞĚƵĐĞ  EK  ĂŶĚ  ŝŶƚƌĂǀĞƐŝĐĂů  ƉƌĞƐƐƵƌĞ 
ůĞĂĚŝŶŐ  ďŽƚŚ  ƚŽ  ƵƉƉĞƌ  ƵƌŝŶĂƌǇ  ƉƌŽƚĞĐƚŝŽŶ  ĂŶĚ 
ĐŽŶƚŝŶĞŶĐĞ͘ ,ŽǁĞǀĞƌ͕  ƚŚĞƐĞ  ƚŚĞƌĂƉŝĞƐ  ĂƌĞ  ŶĞŝƚŚĞƌ 
ĂďůĞ ƚŽ ƌĞǀĞƌƚ ŶŽƌ ƚŽ ƉƌĞǀĞŶƚ ƚŚĞ ŵŝĐƚƵƌŝƚŝŽŶ ƌĞĨůĞǆ 
Ăƚ ůƵŵďŽƐĂĐƌĂů ƐƉŝŶĂů ĐŽƌĚ ůĞǀĞů͘  
/ƚ  ŝƐ ĐƵƌƌĞŶƚůǇ ĂƐƐƵŵĞĚ  ƚŚĂƚ EK ĂŶĚ ^  ƌĞƐƵůƚ 
ĨƌŽŵ ŵĂƐƐŝǀĞ ƌĞŽƌŐĂŶŝǌĂƚŝŽŶ ŽĨ ŶĞƵƌŽŶĂů ƉĂƚŚǁĂǇƐ 
ůŽĐĂƚĞĚ  ŝŶ  ƚŚĞ  ůƵŵďŽƐĂĐƌĂů  ƐƉŝŶĂů  ĐŽƌĚ  ;sŝǌǌĂƌĚ͕ 
ϮϬϬϲ͖  ƌƵǌ  ĂŶĚ  ƌƵǌ͕  ϮϬϭϭͿ͘  ,ŽǁĞǀĞƌ͕  ƚŚĞ  ĨŝŶĞ 
ŵŽůĞĐƵůĂƌ  ŵĞĐŚĂŶŝƐŵƐ  ĂƌĞ  ƵŶĐůĞĂƌ͘  ǀĂŝůĂďůĞ 
ƐƚƵĚŝĞƐ  ƐƵŐŐĞƐƚ  ƚŚĂƚ  ŶĞƵƌŽƚƌŽƉŚŝŶƐ  ŵĂǇ  ďĞ 
ŝŵƉŽƌƚĂŶƚ ŵĞĚŝĂƚŽƌƐ ŽĨ ƐƵĐŚ ƉůĂƐƚŝĐ ĐŚĂŶŐĞƐ ;WĞǌĞƚ 
ĂŶĚ  DĐDĂŚŽŶ͕  ϮϬϬϲ͖  sŝǌǌĂƌĚ͕  ϮϬϬϲͿ͘  dŚŝƐ  ŝƐ 
ƉĂƌƚŝĐƵůĂƌůǇ  ĞǀŝĚĞŶƚ  ŝŶ  ǁŚĂƚ  ĐŽŶĐĞƌŶƐ  EĞƌǀĞ 
'ƌŽǁƚŚ  &ĂĐƚŽƌ  ;E'&Ϳ͕ Ă ŶĞƵƌŽƚƌŽƉŚŝŶ  ƚŚĂƚ ƉůĂǇƐ Ă 
ŬĞǇ ƌŽůĞ ŝŶ ƚŚĞ ƌĞŐƵůĂƚŝŽŶ ŽĨ ƚŚĞ ƉĞƌŝƉŚĞƌĂů ŶĞƌǀŽƵƐ 
ƐǇƐƚĞŵ͘  /ŵŵƵŶŽŶĞƵƚƌĂůŝǌĂƚŝŽŶ ŽĨ ƚŚŝƐ Ed ŚĂƐ ďĞĞŶ 
ƐŚŽǁŶ  ƚŽ  ƉƌĞǀĞŶƚ  ďůĂĚĚĞƌ  ĚǇƐĨƵŶĐƚŝŽŶ  ŝŶ  ^/  ƌĂƚƐ 
;^ĂƐĂŬŝ  Ğƚ  Ăů͕͘  ϮϬϬϮ͖  ^ĞŬŝ  Ğƚ  Ăů͕͘  ϮϬϬϰͿ͘  dŚĞ 
ĐŽŶƚƌŝďƵƚŝŽŶ  ŽĨ  ŽƚŚĞƌ  EdƐ͕  ŵŽƐƚ  ŶŽƚĂďůǇ  ƌĂŝŶ 
ĞƌŝǀĞĚ  EĞƵƌŽƚƌŽƉŚŝĐ  &ĂĐƚŽƌ  ;E&Ϳ͕  ƚŽ  EK 
ƌĞŵĂŝŶƐ  ƉŽŽƌůǇ  ŝŶǀĞƐƚŝŐĂƚĞĚ͘  dŚŝƐ Ed  ŝƐ  ĞǆƚƌĞŵĞůǇ 
ĂďƵŶĚĂŶƚ  ŝŶ  ƚŚĞ  ĐĞŶƚƌĂů  ŶĞƌǀŽƵƐ  ƐǇƐƚĞŵ ǁŚĞƌĞ  ŝƚ 
ŵŽĚƵůĂƚĞƐ  ŶĞƵƌŽƉůĂƐƚŝĐŝƚǇ  Ăƚ  ƐƉŝŶĂů  ĐŽƌĚ  ůĞǀĞů͘ 
E& ŚĂƐ ĂůƌĞĂĚǇ ďĞĞŶ ƐŚŽǁŶ ƚŽ ƉĂƌƚŝĐŝƉĂƚĞ ŝŶ  
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ϵϵ
ĐĞŶƚƌĂů  ƐĞŶƐŝƚŝǌĂƚŝŽŶ  ĂƐƐŽĐŝĂƚĞĚ  ǁŝƚŚ  ĐŚƌŽŶŝĐ  ƉĂŝŶ 
;DĞƌŝŐŚŝ  Ğƚ  Ăů͕͘  ϮϬϬϰ͖  WĞǌĞƚ  ĂŶĚ DĐDĂŚŽŶ͕  ϮϬϬϲ͖ 
DĞƌŝŐŚŝ  Ğƚ  Ăů͕͘  ϮϬϬϴͿ͘  ĐƵƚĞ  ŝŶƚƌĂƚŚĞĐĂů 
ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ E& ƋƵŝĐŬůǇ ƉƌŽĚƵĐĞƐ ĐƵƚĂŶĞŽƵƐ 
ƉĂŝŶ  ĂŶĚ  ďůĂĚĚĞƌ  ŚǇƉĞƌĂĐƚŝǀŝƚǇ  ;&ƌŝĂƐ  Ğƚ  Ăů͕͘  ϮϬϭϯͿ͘ 
ĚĚŝƚŝŽŶĂůůǇ͕  ŝŶƚƌĂƚŚĞĐĂů E& ďůŽĐŬĂĚĞ ďǇ dƌŬ‐/ŐϮ 
Žƌ  dƌŬ  ƌĞĐĞƉƚŽƌ  ĂŶƚĂŐŽŶŝƐƚ͕  ŬϮϱϮĂ͕  ǁĂƐ  ƐŚŽǁŶ  ƚŽ 
ƌĞĚƵĐĞ  ƉĂŝŶ  ĂŶĚ  ďůĂĚĚĞƌ  ŚǇƉĞƌĂĐƚŝǀŝƚǇ  ŝŶ  ƌĂƚƐ ǁŝƚŚ 
ĐŚƌŽŶŝĐ  ďůĂĚĚĞƌ  ŝŶĨůĂŵŵĂƚŝŽŶ  ;&ƌŝĂƐ  Ğƚ  Ăů͕͘  ϮϬϭϯͿ͘ 
,ĞƌĞ͕  ŝŶǀĞƐƚŝŐĂƚĞĚ  ƚŚĞ  ĐŽŶƚƌŝďƵƚŝŽŶ ŽĨ E&  ƚŽ  ƚŚĞ 
ĞŵĞƌŐĞŶĐĞ ŽĨ EK ƵƐŝŶŐ Ă ƌĂƚ ŵŽĚĞů ŽĨ ^/͘   
Material and Methods 
Animals 
&ĞŵĂůĞ tŝƐƚĂƌ  ƌĂƚƐ  ĨƌŽŵ  ŚĂƌůĞƐ  ZŝǀĞƌ  ;&ƌĂŶĐĞͿ 
ǁĞŝŐŚŝŶŐ ϮϱϬ‐Ϯϳϱ Ő ǁĞƌĞ ƵƐĞĚ͘ ŶŝŵĂůƐ ǁĞƌĞ  ŬĞƉƚ 
ŽŶ ϭϮ Ś ĚĂƌŬͬůŝŐŚƚ ĐǇĐůĞ͕ ŝŶ Ă ƚĞŵƉĞƌĂƚƵƌĞ ĐŽŶƚƌŽůůĞĚ 
ĞŶǀŝƌŽŶŵĞŶƚ  ǁŝƚŚ  ad  libitum  ĂĐĐĞƐƐ  ƚŽ  ĨŽŽĚ  ĂŶĚ 
ǁĂƚĞƌ͘  ůů  ĞĨĨŽƌƚƐ  ǁĞƌĞ  ŵĂĚĞ  ŝŶ  ŽƌĚĞƌ  ƚŽ  ƌĞĚƵĐĞ 
ĂŶŝŵĂů ƐƚƌĞƐƐ ĂŶĚ ƐƵĨĨĞƌŝŶŐ ĂƐ ǁĞůů ĂƐ ƚŚĞ ŶƵŵďĞƌ ŽĨ 
ĂŶŝŵĂůƐ  ƵƐĞĚ͘  dŚĞ  ĞƚŚŝĐĂů  ŐƵŝĚĞůŝŶĞƐ  ĨŽƌ 
ŝŶǀĞƐƚŝŐĂƚŝŽŶ  ŽĨ  ĞǆƉĞƌŝŵĞŶƚĂů  ƉĂŝŶ  ŝŶ  ĂŶŝŵĂůƐ  
;ŝŵŵĞƌŵĂŶŶ͕ ϭϵϴϯͿ ĂŶĚ ƚŚĞ ƵƌŽƉĞĂŶ ŽŵŵŝƐƐŝŽŶ 
ŝƌĞĐƚŝǀĞ ŽĨ ϮϮ ^ĞƉƚĞŵďĞƌ ϮϬϭϬ ;ϮϬϭϬͬϲϯͬhͿ ǁĞƌĞ 
ĐĂƌĞĨƵůůǇ  ĨŽůůŽǁĞĚ  ŝŶ Ăůů ƉƌŽĐĞĚƵƌĞƐ  ŝŶĐůƵĚĞĚ  ŝŶ  ƚŚŝƐ 
ƐƚƵĚǇ͘  
Chemicals and reagents 
ůů  ƐƵƌŐĞƌŝĞƐ  ǁĞƌĞ  ƉĞƌĨŽƌŵĞĚ  ƵŶĚĞƌ  ĚĞĞƉ 
ĂŶĂĞƐƚŚĞƐŝĂ ŝŶĚƵĐĞĚ ďǇ ŝŶƚƌĂƉĞƌŝƚŽŶĞĂů ŝŶũĞĐƚŝŽŶ ŽĨ Ă 
ŵŝǆƚƵƌĞ  ŽĨ  ŵĞĚĞƚŽŵŝĚŝŶĞ  ;Ϭ͘Ϯϱ  ŵŐͬ<ŐͿ  ĂŶĚ 
ŬĞƚĂŵŝŶĞ  ;ϲϬ ŵŐͬ<ŐͿ͕  ĚŝůƵƚĞĚ  ŝŶ  ƐƚĞƌŝůĞ  ƐĂůŝŶĞ͘  &Žƌ 
ĐǇƐƚŽŵĞƚƌŝĞƐ ĂŶĚ ƚĞƌŵŝŶĂů ŚĂŶĚůŝŶŐ͕ ƌĂƚƐ ƌĞĐĞŝǀĞĚ Ă 
ƐƵďĐƵƚĂŶĞŽƵƐ  ďŽůƵƐ  ŽĨ  ƵƌĞƚŚĂŶĞ  ;ϭ͘Ϯ  Őͬ<ŐͿ  ĂƐ 
ĂŶĂĞƐƚŚĞƚŝĐ͘  
dŚĞ  ƌĞĐŽŵďŝŶĂŶƚ  ƉƌŽƚĞŝŶ  dƌŬ‐/ŐϮ͕  ǁŚŝĐŚ  ŝƐ  ĂŶ 
ŝŵŵƵŶŽŐůŽďƵůŝŶ‐ůŝŬĞ  ĚŽŵĂŝŶ  ƚŚĂƚ  ďŝŶĚƐ  ƚŽ  E& 
ǁŝƚŚ ƉŝĐŽŵŽůĂƌ ĂĨĨŝŶŝƚǇ͕ ǁĂƐ ƉƌŽĚƵĐĞĚ  ŝŶ ŚŽƵƐĞ ĂŶĚ 
ĚŝůƵƚĞĚ  ŝŶ ϮϬ ŵD dƌŝƐ ďƵĨĨĞƌ Ɖ, ϴ͘Ϯ͕ ϭϬϬ ŵD EĂů 
ĂŶĚ ϭϬй ŐůǇĐĞƌŽů ;ĂŶĨŝĞůĚ Ğƚ Ăů͕͘ ϮϬϬϭ͖ EĂǇůŽƌ Ğƚ Ăů͕͘ 
ϮϬϬϮͿ  ͘ E&  ;EĞƵƌŽŵŝĐƐ͕ h^Ϳ͕ ƐĂůŝŶĞ ĂŶĚ dƌŬ‐/ŐϮ 
ǁĞƌĞ  ĚĞůŝǀĞƌĞĚ  ŝŶƚŽ  ƚŚĞ  ƐƵďĂƌĂĐŚŶŽŝĚ  ƐƉĂĐĞ  ǀŝĂ 
ŽƐŵŽƚŝĐ ŵŝŶŝ‐ƉƵŵƉƐ  ;ůǌĞƚ͕ h^Ϳ͘  ^ƵďƐƚĂŶĐĞƐ ǁĞƌĞ 
ĚĞůŝǀĞƌĞĚ  ĨŽƌ  ϳ  ;ŵŽĚĞů  ϮϬϬϭͿ  Žƌ  Ϯϴ  ĚĂǇƐ  ;ŵŽĚĞů 
ϮϬϬϰͿ͘ 
ŶƚŝďŽĚǇ  ĂŐĂŝŶƐƚ  E&͕  ŵĂĚĞ  ŝŶ  ƌĂďďŝƚ͕  ǁĂƐ 
ďŽƵŐŚƚ  ĨƌŽŵ DŝůůŝƉŽƌĞ  ;ƌĞĨ͗  ϭϳϳϵ͕  h^Ϳ͘  ZĂďďŝƚ 
ĂŶƚŝ‐'ƌŽǁƚŚ  ƐƐŽĐŝĂƚĞĚ  WƌŽƚĞŝŶ  ϰϯ  ;'W‐ϰϯͿ  ĐĂŵĞ 
ĨƌŽŵ  ďĐĂŵ  ;h<Ϳ͘  ZĂďďŝƚ  ĂŶƚŝ‐ƉŚŽƐƉŚŽ:E<  ǁĂƐ 
ƉƵƌĐŚĂƐĞĚ  ƚŽ  Ğůů  ^ŝŐŶĂůŝŶŐ  ;h^Ϳ͘  dŚĞ  ĂŶƚŝďŽĚǇ 
ĂŐĂŝŶƐƚ ĂůĐŝƚŽŶŝŶ 'ĞŶĞ‐ZĞůĂƚĞĚ WĞƉƚŝĚĞ ;'ZWͿ ǁĂƐ 
ƌĂŝƐĞĚ ŝŶ ŵŽƵƐĞ ĂŶĚ ĐĂŵĞ ĨƌŽŵ ďĐĂŵ͕ h<͘ dŚĞ ĂŶƚŝ
‐ďĞƚĂ‐/// ƚƵďƵůŝŶ ŵĂĚĞ ŝŶ ŵŽƵƐĞ ĐĂŵĞ ĨƌŽŵ  
WƌŽŵĞŐĂ͕  h^͘    dŚĞ  ĨůƵŽƌŽĐƌŽŵĞ  ůĂďĞůůĞĚ 
ĂŶƚŝďŽĚŝĞƐƵƐĞĚ͕  ůĞǆĂΡ‐ĨůƵŽƌ  ϱϲϴ  ĚŽŶŬĞǇ  ĂŶƚŝ‐
ƌĂďďŝƚ  ĂŶĚ  ůĞǆĂΡ  ‐ĨůƵŽƌ  ϰϴϴ  ŐŽĂƚ  ĂŶƚŝ‐ŵŽƵƐĞ͕ 
ĐĂŵĞ  ĨƌŽŵ   DŽůĞĐƵůĂƌ WƌŽďĞƐΞ͕ h^͘ dŚĞ ďŝŽƚŝŶ‐
ĐŽŶũƵŐĂƚĞĚ ƐǁŝŶĞ ĂŶƚŝ‐ƌĂďďŝƚ ĂŶĚ ƚŚĞ ǀŝĚŝŶ‐ŝŽĚŝŶ 
ŽŵƉůĞǆ  ;Ϳ  sĞĐƐƚĂƐƚĂŝŶ  ůŝƚĞ  Ŭŝƚ͕  ĐŽŶũƵŐĂƚĞĚ 
ǁŝƚŚ ŚŽƌƐĞƌĂĚŝƐŚ ƉĞƌŽǆŝĚĂƐĞ  ;,ZWͿ͕ ǁĞƌĞ ĂĐƋƵŝƌĞĚ 
ƌĞƐƉĞĐƚŝǀĞůǇ  ĨƌŽŵ  ĂŬŽƉĂƚƚƐ  ͬϱ  ;ĞŶŵĂƌŬͿ  ĂŶĚ 
sĞĐƚŽƌ  >ĂďŽƌĂƚŽƌŝĞƐ  ;h<Ϳ͘  ůů  ĂŶƚŝďŽĚŝĞƐ  ĂŶĚ  ƚŚĞ 
  ĐŽŵƉůĞǆ  ǁĞƌĞ  ƉƌĞƉĂƌĞĚ  ŝŶ  ƉŚŽƐƉŚĂƚĞ‐
ďƵĨĨĞƌĞĚ ƐĂůŝŶĞ Ϭ͘ϭ D ;W^Ϳ ĐŽŶƚĂŝŶŝŶŐ Ϭ͘ϯй dƌŝƚŽŶ 
y‐ϭϬϬ ;W^dͿ͘  
&Žƌ  ĐĞůů  ĐƵůƚƵƌĞ͕  ƵůďĞĐĐŽΖƐ  DŽĚŝĨŝĞĚ  ĂŐůĞ 
DĞĚŝƵŵ  &ϭϮ  ;DD‐&ϭϮͿ͕  ĨĞƚĂů  ďŽǀŝŶĞ  ƐĞƌƵŵ 
;&^Ϳ͕  ƉĞŶŝĐŝůůŝŶͬƐƚƌĞƉƚŽŵǇĐŝŶ  ;WĞŶͬ^ƚƌĞƉͿ  ĂŶĚ  >‐
'ůƵƚĂŵŝŶĞ ĐĂŵĞ ĨƌŽŵ /ŶǀŝƚƌŽŐĞŶ͕ h^͘ ŽůůĂŐĞŶĂƐĞ 
;dǇƉĞ  /s‐^Ϳ͕  ďŽǀŝŶĞ  ƐĞƌƵŵ  ĂůďƵŵŝŶ  ;^Ϳ  ƉŽůǇ‐>‐
ůǇƐŝŶĞ  ĂŶĚ  ůĂŵŝŶŝŶ  ǁĞƌĞ  ƉƵƌĐŚĂƐĞĚ  ĨƌŽŵ  ^ŝŐŵĂ͕ 
ƵƌŽƉĞ͘ Ϯϳ͕  Ă  ƐĞƌƵŵ‐ĨƌĞĞ  ƐƵƉƉůĞŵĞŶƚ  ĨŽƌ ŶĞƵƌĂů 
ĐĞůů ĐƵůƚƵƌĞ͕ ĐĂŵĞ ĨƌŽŵ 'ŝďĐŽ͕ h^ ǁŚĞƌĞĂƐ ŶĞƌǀĞ 
ŐƌŽǁƚŚ  ĨĂĐƚŽƌ  Ϯ͘ϱ^  ;E'&Ϳ  ĐĂŵĞ  ĨƌŽŵ  DŝůůŝƉŽƌĞ͕ 
h^͘ 
Spinal cord transection and cystometry 
dŚĞ ŵŽĚĞů ŽĨ ^/ ĐŚŽƐĞŶ  ĨŽƌ  ƚŚĞ ƉƌĞƐĞŶƚ ƐƚƵĚǇ 
ǁĂƐ ĐŚƌŽŶŝĐ ƐƉŝŶĂů ĐŽƌĚ ƚƌĂŶƐĞĐƚŝŽŶ͘ &ĞŵĂůĞ tŝƐƚĂƌ 
ƌĂƚƐ  ;Ŷсϲ  ĂŶŝŵĂůƐ  ƉĞƌ  ĞǆƉĞƌŝŵĞŶƚĂů  ŐƌŽƵƉͿ 
ƵŶĚĞƌǁĞŶƚ  ƐƵƌŐŝĐĂů  ŝŵƉůĂŶƚĂƚŝŽŶ  ŽĨ  Ă  ƐŝůŝĐŽŶĞ 
ĐĂƚŚĞƚĞƌ  ;^& DĞĚŝĐĂů͕ ,ƵĚƐŽŶ͕ D͕ h^Ϳ  ;<Ğƌƌ  Ğƚ 
Ăů͕͘ ϭϵϵϵ͖ dŚŽŵƉƐŽŶ Ğƚ Ăů͕͘ ϭϵϵϵ͖ ƌƵǌ Ğƚ Ăů͕͘ ϮϬϬϱ͖ 
ƌƵǌ  Ğƚ  Ăů͕͘  ϮϬϬϲ͖  &ƌŝĂƐ  Ğƚ  Ăů͕͘  ϮϬϭϯͿ  ĨŽůůŽǁĞĚ  ďǇ 
ĐŽŵƉůĞƚĞ  ƐƉŝŶĂů  ĐŽƌĚ  ƚƌĂŶƐĞĐƚŝŽŶ͘  ĂƚŚĞƚĞƌƐ ǁĞƌĞ 
ƉůĂĐĞĚ  ŝŶƚŽ  ƚŚĞ  ůƵŵďĂƌ ƐƵďĂƌĂĐŚŶŽŝĚ ƐƉĂĐĞ Ăƚ  ƚŚĞ 
>ϱͬ>ϲ ƐƉŝŶĂů ĐŽƌĚ ůĞǀĞů͘ ƌŝĞĨůǇ͕ Ă ůĂŵŝŶĞĐƚŽŵǇ ǁĂƐ 
ƉĞƌĨŽƌŵĞĚ ďĞƚǁĞĞŶ dϵ ĂŶĚ dϭϬ ĂŶĚ ƚŚĞ ŵĞŶŝŶŐĞƐ 
ǁĞƌĞ ƉŝĞƌĐĞĚ͘ dŚĞ ĐĂƚŚĞƚĞƌ ǁĂƐ ŝŶƐĞƌƚĞĚ ƵŶĚĞƌ ƚŚĞ 
ƐƵďĂƌĂĐŚŶŽŝĚ ŵĞŵďƌĂŶĞ ĂŶĚ ƉƵƐŚĞĚ ƵŶƚŝů ƚŚĞ ƚŝƉ  
ƌĞĂĐŚĞĚ ƚŚĞ >ϱ‐>ϲ ƐƉŝŶĂů ĐŽƌĚ ƐĞŐŵĞŶƚ͘ dŚĞ ƐƉŝŶĂů 
ĐŽƌĚ  ǁĂƐ  ƚŚĞŶ  ĐŽŵƉůĞƚĞůǇ  ƐĞĐƚŝŽŶĞĚ  Ăƚ  dϵ  ůĞǀĞů 
ĂŶĚ  ƐƚĞƌŝůĞ  ŐĞůĨŽĂŵ  ǁĂƐ  ƉůĂĐĞĚ  ďĞƚǁĞĞŶ  ƚŚĞ 
ƌĞƚƌĂĐƚĞĚ ĞŶĚƐ ŽĨ  ƚŚĞ  ĐŽƌĚ͘ dŚĞ ŽƚŚĞƌ ĞŶĚ ŽĨ  ƚŚĞ 
ƚŝƉ  ŽĨ  ƚŚĞ  ĐĂƚŚĞƚĞƌ ǁĂƐ  ĐŽŶŶĞĐƚĞĚ  ƚŽ  ĂŶ  ŽƐŵŽƚŝĐ 
ŵŝŶŝ‐ƉƵŵƉ ;ĨŽƌ ĐŽŶƚŝŶƵŽƵƐ ĚĞůŝǀĞƌǇ ŽĨ ƐĂůŝŶĞ͕ dƌŬ‐
/ŐϮ  Žƌ  E&  ‐  ƐĞĞ  ďĞůŽǁͿ͕  ƉůĂĐĞĚ  ďĞƚǁĞĞŶ  ƚŚĞ 
ƐŚŽƵůĚĞƌ  ďůĂĚĞƐ  ĂŶĚ  ůĞĨƚ  ĨŽƌ  ϭ  Žƌ  ϰ  ǁĞĞŬƐ͘  /Ŷ  Ă 
ŐƌŽƵƉ  ŽĨ  ^/  ƌĂƚƐ͕  ƚŚĞ  ĐĂƚŚĞƚĞƌ  ǁĂƐ  ůĞĨƚ 
ƐƵďĐƵƚĂŶĞŽƵƐůǇ ĂŶĚ ĞǆƚĞƌŶĂůŝǌĞĚ ϰ ǁĞĞŬƐ ĂĨƚĞƌ ^/ 
ĨŽƌ ĂĐƵƚĞ ĚƌƵŐ ĚĞůŝǀĞƌǇ͘ 
ůů  ĂŶŝŵĂůƐ  ǁĞƌĞ  ĐĂƌĞĨƵůůǇ  ŵŽŶŝƚŽƌĞĚ  ĂŶĚ 
ƌĞĐĞŝǀĞĚ  Ă  ĚĂŝůǇ  ŝŶƚƌĂƉĞƌŝƚŽŶĞĂů  ŝŶũĞĐƚŝŽŶ  ŽĨ 
ĂŶƚŝďŝŽƚŝĐ  ;ĐŝƉƌŽĨůŽǆĂĐŝŶ͕  ϭ ŵŐͬŬŐͿ  ĨŽƌ  ƚǁŽ ǁĞĞŬƐ 
ĂĨƚĞƌ ƐƵƌŐĞƌǇ͘ dŽ ĂǀŽŝĚ ƵƌŝŶĂƌǇ ƌĞƚĞŶƚŝŽŶ͕ ďůĂĚĚĞƌƐ 
ǁĞƌĞ ŵĂŶƵĂůůǇ ĞŵƉƚŝĞĚ ďǇ ĂďĚŽŵŝŶĂů ĐŽŵƉƌĞƐƐŝŽŶ 
ƚǁŝĐĞ ĞǀĞƌǇ ĚĂǇ͘ ĞĐĂƵƐĞ ƚŚŝƐ ƉƌŽĐĞĚƵƌĞ ŝƐ ŵŽƌĞ  
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϬϬ
difficult  to  perform  in  male  rats,  female  animals 
were  preferred  to  conduct  the  present  study.  In 
one group of SCI animals, the subcutaneous end of 
the  catheter  was  externalized  four  weeks  after 
surgery.  Animals  received  sequential  intrathecal 
injections of  sterile  saline or  TrkB‐Ig2  (1µg,  10 µg 
and 20 µg  in a volume of 25 µl) every 30 minutes 
while bladder  reflex activity was being  registered. 
Injection of TrkB‐Ig2 was followed by a flush of the 
same  volume  of  saline  to  assure  that  all 
recombinant  protein  was  injected  into  the 
subarachnoid space. 
In  three  groups of  SCI  animals,  the  intrathecal 
catheter was connected  to an osmotic mini‐pump 
for  continuous  delivery  of  sterile  saline,  TrkB‐Ig2 
(20 µg/day) or BDNF  (1.5 µg/day)  for  seven days, 
according  to  previous  studies  (Frias  et  al.,  2013). 
On  the  seventh  day,  bladder  reflex  activity  was 
evaluated by cystometry.  In three other groups of 
SCI  rats,  as  above,  the  silicone  catheter  was 
connected  to  an  osmotic  mini‐pump  for 
continuous delivery of sterile saline, BDNF (0.7 µg/
day and 2.1 µg/day)  for a period of 28 days. The 
smallest dose was chosen as potentially producing 
effects  on  bladder  function  without  cutaneous 
pain  (Frias et al., 2013) whereas  the highest dose 
was  based  on  the  effects  observed  with  0.7  µg/
day. 
For cystometry, bladders were exposed through 
a  low  abdominal midline  incision  and  a  21‐gauge 
needle  was  inserted  into  the  bladder  dome  for 
saline  infusion.  Animals  were  left  untouched  for 
fifteen  to  thirty  minutes  to  allow  bladder 
stabilization. Body temperature was maintained at 
36‐37 ºC with a heating pad. The urethra remained 
unobstructed  throughout  the  experiment  so  that 
infused  saline could easily be expelled by bladder 
contractions.  After  bladder  stabilization,  saline 
infusion  was  initiated  and  bladder  reflex  activity 
was recorded for approximately 30 minutes. Saline 
was  infused  through  the  dome  needle  at  a 
constant  rate  of  6  mL/h  whilst  bladder 
contractions  were  registered  by  a  pressure 
transducer  (WPI  Instruments)  connected  to  a 
computer.  
At  the  end  of  the  experiments,  animals  were 
perfused and the position of the catheter verified. 
The cystometrograms obtained were analysed. The 
frequency,  peak  pressure,  area  under  the  curve 
(AUC) and amplitude of bladder contractions were 
determined  in  the  different  phases  of  the 
experiment. 
Perfusion and immunohistochemistry 
After cystometry, animals were perfused through 
the ascending aorta with  cold oxygenated calcium‐
free Tyrode’s solution (0.12 M NaCl, 5.4 mM KCl, 1.6 
mM,  MgCl2
.6H2O,  0.4  mM  MgSO4
.7H2O,  1.2  mM 
NaH2PO4.H2O, 5.5 mM glucose, 26.2 mM NaHCO3), 
followed by 4 % paraformaldehyde.  The dissection 
of  the  perfused  nervous  tissue  allowed  the 
confirmation  of  the  position  of  the  intrathecal 
catheter.  Only  animals  in  which  the  catheter  was 
correctly  placed  were  considered  for  further 
analysis.  The  spinal  cord  segments  L5‐L6  were 
collected, post‐fixed  for  4 h  and  cryoprotected  for 
24 h in 30 % sucrose with 0.1 % sodium azide in 0.1 
M phosphate buffer. Transverse 40‐µm  sections of 
the  collected  spinal  cord  segments  were  cut  in  a 
freezing  microtome  and  stored  in  cryoprotective 
solution at ‐20 ºC until all tissue was collected.  
The  expression  of  GAP‐43  and  phosphoJNK  was 
tested using the ABC method. Briefly, sections were 
thoroughly  washed  in  PBS.  After  inhibition  of 
endogenous peroxidase activity and further washes 
in PBS  and PBST,  sections were  incubated  in 10 % 
normal swine serum  in PBST for 2 h. Sections were 
then  incubated  for  48  h  at  4  ºC  with  a  specific 
antibody  against  GAP‐43  (1:5000)  or  against 
phosphoJNK  (1:500).  Subsequently,  sections  were 
washed  in  PBST  and  incubated  for  1  hour  with 
polyclonal  swine  anti‐rabbit  biotin  conjugated 
antibody   (1:200).   In   order   to   visualize   the 
immunoreactions,  the   ABC  conjugated  with 
peroxidase  (1:200)  method  was  used  with  3,  3‐
diaminobenzidine‐tetrahydrochloride as chromogen 
(DAB;  5  minutes  in  0.05  M  Tris  buffer,  pH  7.4 
containing  0.05  %  DAB  and  0.003  %  hydrogen 
peroxide).  Sections  were  mounted  on  gelatine‐
coated  slices  and  air‐dried  for  12  h,  cleared  in 
xylene, mounted with Eukitt mounting medium and 
cover‐slipped.Alternate spinal sections were used to 
determine  the  colocalization  between  GAP‐43  and 
CGRP. For this, sections were thoroughly washed  in 
PBS  and  PBST,  followed  by  a  2  hour‐incubation  in 
10%  normal  horse  serum  in  PBST.  Sections  were 
then  incubated with anti‐GAP‐43 (1:5000) and anti‐
CGRP  (1:8000)  for  48  hours.  Afterwards,  sections 
were washed in PBST and incubated in fluorescently
‐labelled  anti‐mouse  (1:1000)  and  anti‐rabbit 
(1:1000)  for  1  hour.  Sections  were  then  washed, 
mounted  in  Prolong  Gold©  mounting  medium 
(Molecular  Probes©,  USA)  and  observed  in  a  Z4 
AxioImager Zeiss© microscope.  
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dŚĞ  ĞǆƉĞƌŝŵĞŶƚĂů  ŐƌŽƵƉƐ ĚĞƐĐƌŝďĞĚ  ĂďŽǀĞ ǁĞƌĞ 
ƌĞƉůŝĐĂƚĞĚ ĨŽƌ ĐĞůů ĐƵůƚƵƌĞ ĂŶĚ ǁĞƐƚĞƌŶ ďůŽƚƚŝŶŐ ;ƐĞĞ 
ďĞůŽǁͿ͘  /Ŷ  ƚŚŝƐ  ĐĂƐĞ͕  ƚŚĞ  ŶƵŵďĞƌ  ŽĨ  ĂŶŝŵĂůƐ  ƉĞƌ 
ĞǆƉĞƌŝŵĞŶƚĂů  ŐƌŽƵƉ  ǁĂƐ  ϰ͘  Ɛ  ďĞĨŽƌĞ͕  Ăůů  ĂŶŝŵĂůƐ 
ƵŶĚĞƌǁĞŶƚ ĐǇƐƚŽŵĞƚƌǇ ƵŶĚĞƌ ƵƌĞƚŚĂŶĞ ĂŶĂĞƐƚŚĞƐŝĂ͘ 
ĨƚĞƌ ĐǇƐƚŽŵĞƚƌǇ͕ ĂŶŝŵĂůƐ ǁĞƌĞ ĞƵƚŚĂŶŝǌĞĚ ĂŶĚ ƚŚĞ 
>ϱ  ƚŽ  ^ϭ Z'  ĐŽůůĞĐƚĞĚ  ĂŶĚ  ŝŵŵĞĚŝĂƚĞůǇ  ƉůĂĐĞĚ  ŝŶ 
DD‐&ϭϮ͕  ϭϬй  &^͕  ϭй  WĞŶͬ^ƚƌĞƉ͘  Z'Ɛ  ǁĞƌĞ 
ƚŚĞŶ  ŝŶĐƵďĂƚĞĚ ǁŝƚŚ Ϭ͘ϭϮϱй  ĐŽůůĂŐĞŶĂƐĞ  ĨŽƌ Ϯ Ś Ăƚ 
ϯϳΣ͘  ĨƚĞƌ  ƚŚƌĞĞ  ǁĂƐŚĞƐ  ŝŶ  DDͬ&ϭϮ  ŵĞĚŝƵŵ͕ 
Z'Ɛ  ŶĞƵƌŽŶƐ ǁĞƌĞ  ƌĞƐƐƵƐƉĞŶĚĞĚ  ĂŶĚ  ĚŝƐƐŽĐŝĂƚĞĚ 
ŝŶ  DD‐&ϭϮ͕  ϭϬй  &^  ĂŶĚ  ϭй  WĞŶͬ^ƚƌĞƉ  ďǇ 
ƌĞƉĞĂƚĞĚ  ƉŝƉĞƚƚŝŶŐ͘  dŚĞ  ƌĞƐƵůƚŝŶŐ  ĐĞůů  ƐƵƐƉĞŶƐŝŽŶ 
ǁĂƐ ĐĞŶƚƌŝĨƵŐĞĚ Ăƚ ϭϬϬϬ ƌƉŵ ĨŽƌ ϭϬ ŵŝŶ ƚŚƌŽƵŐŚ Ă Ϯ 
ŵů  ĐƵƐŚŝŽŶ  ŽĨ  ϭϱй  ^  ĨŽƌ  ƌĞŵŽǀĂů  ŽĨ  ĐĞůůƵůĂƌ 
ĚĞďƌŝƐ͘ dŚĞ ƌĞƐƵůƚŝŶŐ ƉĞůůĞƚ͕ ĐŽŶƚĂŝŶŝŶŐ ƚŚĞ ŶĞƵƌŽŶƐ͕ 
ǁĂƐ ƌĞƐƐƵƐƉĞŶĚĞĚ ŝŶ DD‐&ϭϮ ŵĞĚŝƵŵ ĐŽŶƚĂŝŶŝŶŐ 
ϭйWĞŶͬ^ƚƌĞƉ͕ >‐'ůƵƚĂŵŝŶĞ ;ϮϬϬ ŵDͿ͕ Ϯϳ ;ϮϬ ђůͬŵůͿ 
ĂŶĚ Ϭ͘Ϭϱ ђŐͬŵů E'&͘ dŚĞ ĐĞůů ƐŽůƵƚŝŽŶ ŽďƚĂŝŶĞĚ ĨƌŽŵ 
ĞĂĐŚ  ĂŶŝŵĂů ǁĂƐ  ƉůĂƚĞĚ  ŽŶƚŽ  ƉŽůǇ‐>‐ůǇƐŝŶĞ  ;ϮϬ  ђŐͬ
ŵůͿ  ĂŶĚ  ůĂŵŝŶŝŶ‐ĐŽĂƚĞĚ  ;ϱ  ђŐͬŵůͿ  ĐŽǀĞƌƐůŝƉƐ  ĂŶĚ 
ŵĂŝŶƚĂŝŶĞĚ  Ăƚ  ϯϳΣ  ŝŶ  Ă  ŚƵŵŝĚŝĨŝĞĚ  ϱй  KϮ 
ĂƚŵŽƐƉŚĞƌĞ͘ 
dǁĞůǀĞ ŚŽƵƌƐ  ůĂƚĞƌ͕ ƚŚĞ ƉůĂƚĞĚ ĐĞůůƐ ǁĞƌĞ ĨŝǆĞĚ ǁŝƚŚ 
ŝĐĞ‐ĐŽůĚ ϰй ƉĂƌĂĨŽƌŵĂůĚĞŚǇĚĞ ĨŽƌ ĨŝĨƚĞĞŶ ŵŝŶƵƚĞƐ Ăƚ 
ƌŽŽŵ  ƚĞŵƉĞƌĂƚƵƌĞ͘  dŚĞ  ĐĞůůƐ  ǁĞƌĞ  ǁĂƐŚĞĚ  ƚŚƌĞĞ 
ƚŝŵĞƐ  ŝŶ W^͕  ĨŽůůŽǁĞĚ ďǇ Ă ϱ‐ŵŝŶƵƚĞ  ŝŶĐƵďĂƚŝŽŶ  ŝŶ 
W^  Ϭ͘Ϯй  dƌŝƚŽŶ͘  ĨƚĞƌǁĂƌĚƐ͕  ĐĞůůƐ  ǁĞƌĞ  ĂŐĂŝŶ 
ǁĂƐŚĞĚ  ŝŶ  W^  ĂŶĚ  ŝŶĐƵďĂƚĞĚ  ĨŽƌ  ϱ ŵŝŶƵƚĞƐ  ŝŶ  Ă 
ƐŽůƵƚŝŽŶ  ŽĨ  Ϭ͘ϭй  ŽĨ  ƐŽĚŝƵŵ  ďŽƌŽŚŝĚƌŝĚĞ͘  dŚŝƐ  ǁĂƐ 
ĨŽůůŽǁĞĚ ďǇ ϯ ǁĂƐŚĞƐ  ŝŶ W^ ĂŶĚ ϭ ŚŽƵƌ  ŝŶĐƵďĂƚŝŽŶ 
Ăƚ ƌŽŽŵ ƚĞŵƉĞƌĂƚƵƌĞ ŝŶ ďůŽĐŬŝŶŐ ƐŽůƵƚŝŽŶ ;ϱй ŽĨ &^ 
ŝŶ  Ϭ͘ϰй  W^‐dǁĞĞŶϮϬͿ͘  ĨƚĞƌ  ďůŽĐŬŝŶŐ͕  ĐĞůůƐ  ǁĞƌĞ 
ŝŶĐƵďĂƚĞĚ ŝŶ ĂŶƚŝ‐ďĞƚĂ‐/// ƚƵďƵůŝŶ ;ϭ͗ϮϬϬϬ ŝŶ ďůŽĐŬŝŶŐ 
ďƵĨĨĞƌͿ  ĨŽƌ  ϭ  ŚŽƵƌ  Ăƚ  ƌŽŽŵ  ƚĞŵƉĞƌĂƚƵƌĞ͘  dŚĞ  ĐĞůůƐ 
ǁĞƌĞ  ƚŚĞŶ ǁĂƐŚĞĚ ϯ  ƚŝŵĞƐ ǁŝƚŚ W^ ĂŶĚ  ŝŶĐƵďĂƚĞĚ 
ǁŝƚŚ ƚŚĞ ƐĞĐŽŶĚĂƌǇ ĂŶƚŝďŽĚǇ͕ ůĞǆĂΡ‐ĨůƵŽƌ ϰϴϴ ŐŽĂƚ 
ĂŶƚŝ‐ŵŽƵƐĞ  ;ϭ͗ϭϬϬϬ  ŝŶ  ďůŽĐŬŝŶŐ  ďƵĨĨĞƌͿ͘  dŚŝƐ  ƐƚĞƉ 
ǁĂƐ  ĨŽůůŽǁĞĚ  ďǇ  ǁĂƐŚĞƐ  ŝŶ  W^  ĂŶĚ  ŵŽƵŶƚŝŶŐ  ŝŶ 
sĞĐƚĂƐŚŝĞůĚ ŵĞĚŝƵŵ ;sĞĐƚŽƌ >ĂďŽƌĂƚŽƌŝĞƐ͕ h<Ϳ͕ ĂĨƚĞƌ 
ǁŚŝĐŚ  ƐůŝĚĞƐ  ǁĞƌĞ  ƐĞĂůĞĚ͘  ZĞƉƌĞƐĞŶƚĂƚŝǀĞ  ŝŵĂŐĞƐ 
ǁĞƌĞ ĐŽůůĞĐƚĞĚ  ŝŶ ĂŶ ǆŝŽƐĐŽƉĞ ϰϬ ŵŝĐƌŽƐĐŽƉĞ ǁŝƚŚ 
ƚŚĞ ǆŝŽsŝƐŝŽŶ ϰ͘ϲ ƐŽĨƚǁĂƌĞ ;Ăƌů ĞŝƐƐΠͿ ĨŽƌ ĂŶĂůǇƐŝƐ 
ŽĨ  ŶĞƵƌŝƚĞ  ďƌĂŶĐŚŝŶŐ͕  ƚŚĞ  ƚŽƚĂů  ŶĞƵƌŝƚĞ  ůĞŶŐƚŚ  ĂŶĚ 
ƚŚĞ ĂƌĞĂ ŽĨ ƚŚĞ ƐŽŵĂ͘   
Quantification and Statistics 
ǇƐƚŽŵĞƚƌŽŐƌĂŵƐ  ǁĞƌĞ  ĂŶĂůǇƐĞĚ  ƵƐŝŶŐ  ƚŚĞ 
>Ăď^ĐƌŝďĞ ƐŽĨƚǁĂƌĞ ;sĞƌƐŝŽŶ Ϯ͘ϯϰϵϬϬ͕ /tŽƌǆ ƐǇƐƚĞŵƐ 
/ŶĐ͘Ϳ͘  dŚĞ  ĨƌĞƋƵĞŶĐǇ  ĂŶĚ  ĂŵƉůŝƚƵĚĞ  ŽĨ  ďůĂĚĚĞƌ 
ĐŽŶƚƌĂĐƚŝŽŶƐ͕  ƉĞĂŬ  ƉƌĞƐƐƵƌĞ  ĂŶĚ  ĂƌĞĂ  ƵŶĚĞƌ  ƚŚĞ 
ĐƵƌǀĞ ;hͿ ǁĞƌĞ ĂŶĂůǇƐĞĚ ďǇ ƵƐŝŶŐ <ƌƵƐŬĂů‐tĂůůŝƐ  
ŽŶĞ‐ǁĂǇ ƌĞƉĞĂƚĞĚ  ŵĞĂƐƵƌĞƐ͘ 
Results 
Bladder  function  and  spinal  BDNF  expression 
after SCI 
dŚĞ  ĞĨĨĞĐƚƐ  ŽĨ  ^/  ŽŶ  ďůĂĚĚĞƌ  ƌĞĨůĞǆ  ĂĐƚŝǀŝƚǇ 
ǁĞƌĞ  ŝŶǀĞƐƚŝŐĂƚĞĚ ϭ ĂŶĚ ϰ ǁĞĞŬƐ ĂĨƚĞƌ ƐƉŝŶĂů ĐŽƌĚ 
ůĞƐŝŽŶ͘  dŚĞ  ƉĂƚƚĞƌŶ  ŽĨ  ďůĂĚĚĞƌ  ƌĞĨůĞǆ  ĂĐƚŝǀŝƚǇ  ŝŶ 
ƐƉŝŶĂů  ŝŶƚĂĐƚ ĂŶŝŵĂůƐ͕  ŝŶ ǁŚĂƚ ĐŽŶĐĞƌŶƐ  ƚŚĞ ǀĂůƵĞƐ 
ŽĨ ĨƌĞƋƵĞŶĐǇ͕ ƉĞĂŬ ƉƌĞƐƐƵƌĞ͕ ĂŵƉůŝƚƵĚĞ ĂŶĚ h ŽĨ 
ďůĂĚĚĞƌ ƌĞĨůĞǆ ĐŽŶƚƌĂĐƚŝŽŶƐ ŝƐ ƐŚŽǁŶ ŝŶ &ŝŐ͘ ϭ ĂŶĚ 
&ŝŐƐ͘ ϱ‐ϱ  ;dĂďůĞ ϭͿ͘ KŶĞ ǁĞĞŬ ĂĨƚĞƌ ^/ ďůĂĚĚĞƌ 
ƌĞĨůĞǆ  ĐŽŶƚƌĂĐƚŝŽŶƐ  ǁĞƌĞ  ƉƌĂĐƚŝĐĂůůǇ  ĂďŽůŝƐŚĞĚ  ŝŶ 
ĂĐĐŽƌĚĂŶĐĞ  ǁŝƚŚ  ƚŚĞ  ŽĐĐƵƌƌĞŶĐĞ  ŽĨ  ƐƉŝŶĂů  ƐŚŽĐŬ 
;&ŝŐ͘ ͊ď ĂŶĚ &ŝŐƐ͘ ϱ‐ϱ͖ dĂďůĞ ϭͿ͘ &ŽƵƌ ǁĞĞŬƐ ĂĨƚĞƌ 
^/͕ EK ǁĂƐ  ĞǀŝĚĞŶƚ  ŝŶ  Ăůů  ^/  ĂŶŝŵĂůƐ  ;&ŝŐ͘ ϭͿ͕ 
ǁŝƚŚ ƐŝŐŶŝĨŝĐĂŶƚ ŝŶĐƌĞĂƐĞ ŝŶ ƚŚĞ ǀĂůƵĞƐ ŽĨ ĨƌĞƋƵĞŶĐǇ͕ 
ƉĞĂŬ  ƉƌĞƐƐƵƌĞ͕  ĂŵƉůŝƚƵĚĞ  ĂŶĚ  h  ;&ŝŐƐ͘  ϱ‐ϱ͖ 
dĂďůĞ ϭͿ͘  
ǆƉƌĞƐƐŝŽŶ ŽĨ E& ǁĂƐ  ĨŽƵŶĚ  ƚŚƌŽƵŐŚŽƵƚ  ƚŚĞ 
ŐƌĂǇ  ŵĂƚƚĞƌ  ŽĨ  ƚŚĞ  ƐƉŝŶĂů  ĐŽƌĚ͕  ƚŚĞ  ƐƚƌŽŶŐĞƐƚ 
ŝŵŵƵŶŽƌĞĂĐƚŝŽŶ  ďĞŝŶŐ  ŽďƐĞƌǀĞĚ  ŝŶ  ƚŚĞ  ĚŽƌƐĂů 
ŚŽƌŶƐ  ;&ŝŐƐ͘  ϭ͕  ϭ͕  ϭ&Ϳ͘  dŚĞ  ƐƉĞĐŝĨŝĐŝƚǇ  ŽĨ  ƚŚĞ 
ĂŶƚŝďŽĚǇ ŚĂĚ ĂůƌĞĂĚǇ ďĞĞŶ ƚĞƐƚĞĚ ĞůƐĞǁŚĞƌĞ ;&ƌŝĂƐ 
Ğƚ Ăů͕͘ ϮϬϭϯͿ ĂŶĚ ŶŽ ŝŵŵƵŶŽƌĞĂĐƚŝŽŶ ǁĂƐ ŽďƐĞƌǀĞĚ 
ǁŚĞŶ  ƐĞĐƚŝŽŶƐ ǁĞƌĞ  ŝŶĐƵďĂƚĞĚ  ŝŶ  ƚŚĞ  ĂďƐĞŶĐĞ  ŽĨ 
ƉƌŝŵĂƌǇ ĂŶƚŝďŽĚǇ ;ĚĂƚĂ ŶŽƚ ƐŚŽǁŶͿ͘ ŶĂůǇƐŝƐ ŽĨ ƚŚĞ 
ŝŶƚĞŶƐŝƚǇ  ŽĨ  ƚŚĞ  ŝŵŵƵŶŽƐƚĂŝŶŝŶŐ  ƐŚŽǁĞĚ  Ă  ƚŝŵĞ‐
ĚĞƉĞŶĚĞŶƚ  ŝŶĐƌĞĂƐĞ  ŝŶ  ƐƉŝŶĂů  ůĞǀĞůƐ ŽĨ E& ĂĨƚĞƌ 
^/͕ ƚŚĞ ƐƚƌŽŶŐĞƐƚ ŝŶƚĞŶƐŝƚǇ ďĞŝŶŐ ŽďƐĞƌǀĞĚ ϰ ǁĞĞŬƐ 
ĂĨƚĞƌ ^/ ;ƉфϬ͘ϬϬϭ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚͿ͘ 
BDNF  sequestration  in  rats  with  established 
NDO 
ƵƌŝŶŐ  ĐǇƐƚŽŵĞƚƌǇ͕  ϰ  ǁĞĞŬƐ  ^/  ƌĂƚƐ  ƌĞĐĞŝǀĞĚ 
ŝŶĐƌĞĂƐŝŶŐ ĚŽƐĞƐ ŽĨ dƌŬ‐/ŐϮ ĞǀĞƌǇ ϯϬ ŵŝŶƵƚĞƐ  ŝŶ Ă 
ĐƵŵƵůĂƚŝǀĞ  ŵĂŶŶĞƌ͘  tĞ  ĨŽƵŶĚ  ƚŚĂƚ  Ă  ĚŽƐĞ‐
ĚĞƉĞŶĚĞŶƚ E&  ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ŝŵƉƌŽǀĞĚ ďůĂĚĚĞƌ 
ĨƵŶĐƚŝŽŶ ;&ŝŐƐ͘ Ϯ‐Ϯ͖ dĂďůĞ ϭͿ͘ ƚ ĚŽƐĞƐ ŽĨ ϭϬ ђŐ ŽĨ 
dƌŬ‐/ŐϮ ďůĂĚĚĞƌ  ƌĞĨůĞǆ ĐŽŶƚƌĂĐƚŝŽŶƐ ǁĞƌĞ ďĂƐŝĐĂůůǇ 
ĂďŽůŝƐŚĞĚ͘  dŚĞƐĞ  ƌĞƐƵůƚƐ  ƐƵŐŐĞƐƚ  ƚŚĂƚ  E&  ŝƐ 
ŝŶǀŽůǀĞĚ ŝŶ EK ĂƌŝƐŝŶŐ ĂĨƚĞƌ ^/͘ 
Effect  of  BDNF  sequestration  during  spinal 
shock 
ĞĐĂƵƐĞ  ƚŚĞ  ŝŶĐƌĞĂƐĞ  ŽĨ  ƐƉŝŶĂů  E&  ĂŶĚ  ƚŚĞ 
ĞĨĨĞĐƚƐ ŽĨ E&  ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ŝŶ ϰ ǁĞĞŬƐ ^/  ƌĂƚƐ 
ƐƵŐŐĞƐƚĞĚ ƚŚĂƚ E& ǁĂƐ ůŝŶŬĞĚ ƚŽ ƚŚĞ ĞŵĞƌŐĞŶĐĞ 
ŽĨ  EK͕  ^/  ƌĂƚƐ  ǁĞƌĞ  ƐƵďŵŝƚƚĞĚ  ƚŽ  E& 
ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ĚƵƌŝŶŐ  ƚŚĞ  ĨŝƌƐƚ  ǁĞĞŬ  ĂĨƚĞƌ  ƐƉŝŶĂů 
ĐŽƌĚ  ƚƌĂŶƐĞĐƚŝŽŶ  ďǇ  ĐŚƌŽŶŝĐ  ĚĞůŝǀĞƌǇ  ŽĨ  dƌŬ‐/ŐϮ͘ 
E& ƐĐĂǀĞŶŐŝŶŐ ƉƌŽŵŽƚĞĚ ĂŶ ĞĂƌůŝĞƌ ĂƉƉĞĂƌĂŶĐĞ 
ŽĨ EK ;&ŝŐ͘ ϯͿ͕ ĂƐ ƐŚŽǁŶ ďǇ Ă ƐŝŐŶŝĨŝĐĂŶƚ ŝŶĐƌĞĂƐĞ  
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϬϮ
ŽĨ  ĨƌĞƋƵĞŶĐǇ  ĂŶĚ  ĂŵƉůŝƚƵĚĞ  ŽĨ  ďůĂĚĚĞƌ 
ĐŽŶƚƌĂĐƚŝŽŶƐ͕ ƉĞĂŬ ƉƌĞƐƐƵƌĞ ĂŶĚ h  ŝŶ ϭ ǁĞĞŬ ^/ 
ĂŶŝŵĂůƐ  ƚƌĞĂƚĞĚ ǁŝƚŚ  dƌŬ‐/ŐϮ  ŝŶ  ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ 
ŶŽŶ‐ƚƌĞĂƚĞĚ ϭ ǁĞĞŬ ^/ ĂŶŝŵĂůƐ ;ƉфϬ͘Ϭϱ͖ &ŝŐƐ ϱ‐ϱ͖ 
dĂďůĞ ϭͿ͘dŚĞ ůĂƚƚĞƌ ŐƌŽƵƉ ŽĨ ĂŶŝŵĂůƐ ĞǆŚŝďŝƚ ŽďǀŝŽƵƐ 
ƐŝŐŶƐ  ŽĨ  ƐƉŝŶĂů  ƐŚŽĐŬ͘  /ŵŵƵŶŽƐƚĂŝŶŝŶŐ  ŽĨ  ƐƉŝŶĂů 
ƐĞĐƚŝŽŶƐ  ŽďƚĂŝŶĞĚ  ĨƌŽŵ  ^/  ĂŶŝŵĂůƐ  ƐƵďŵŝƚƚĞĚ  ƚŽ 
E&  ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ĐŽŶĨŝƌŵĞĚ  ƚŚĞ  ƐƵĐĐĞƐƐ  ŽĨ  ƚŚĞ 
ƚƌĞĂƚŵĞŶƚ  ďǇ  Ă  ŵĂƌŬĞĚ  ĚĞĐƌĞĂƐĞ  ŝŶ  ƐƉŝŶĂů  E& 
ƐƚĂŝŶŝŶŐ  ;&ŝŐ͘  ϯͿ͘  dŚĞƐĞ  ĚĂƚĂ  ƐƵŐŐĞƐƚ  ƚŚĂƚ  E& 
ĚƵƌŝŶŐ  ĞĂƌůǇ  ƉĞƌŝŽĚ  ƚŚĂƚ  ĨŽůůŽǁƐ  ƐƉŝŶĂů  ĐŽƌĚ 
ƚƌĂŶƐĞĐƚŝŽŶ ƉƌĞǀĞŶƚ ƌĂƚŚĞƌ ƚŚĂŶ ĐŽŶƚƌŝďƵƚĞ ƚŽ EK͘ 
Effect on bladder function of chronic intrathecal 
administration of BDNF to SCI rats  
^/  ƌĂƚƐ  ƌĞĐĞŝǀĞĚ ĐŽŶƚŝŶƵŽƵƐůǇ  ŝŶƚƌĂƚŚĞĐĂů E& 
ĨŽƌ ϭ Žƌ ϰ ǁĞĞŬƐ͘ E& ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ǁĂƐ ŝŶŝƚŝĂƚĞĚ 
ŝŵŵĞĚŝĂƚĞůǇ ĂĨƚĞƌ ^/͘ /ŶƚƌĂƚŚĞĐĂů ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ 
E& ;ϭ͘ϱ ђŐͬĚĂǇͿ ĨŽƌ ϭ ǁĞĞŬ ƉƌŽĚƵĐĞĚ ŶŽ ĐŚĂŶŐĞƐ 
ŝŶ ƚŚĞ ƉĂƚƚĞƌŶ ŽĨ ďůĂĚĚĞƌ ƌĞĨůĞǆ ĂĐƚŝǀŝƚǇ͕ ǁŚŝĐŚ ǁĂƐ 
ŝŶĚŝƐƚŝŶŐƵŝƐŚĂďůĞ ĨƌŽŵ ƚŚĂƚ ŽďƐĞƌǀĞĚ ŝŶ ŶŽŶ‐ƚƌĞĂƚĞĚ 
ϭ  ǁĞĞŬ  ^/  ĂŶŝŵĂůƐ  ;&ŝŐƐ͘  ϰ͕  ϱ‐ϱ͖  dĂďůĞ  ϭͿ͘ 
/ŶƚƌĂƚŚĞĐĂů ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ E&  ;Ϭ͘ϳ ђŐͬĚĂǇͿ  ƚŽ 
^/ ƌĂƚƐ ĚƵƌŝŶŐ ϰ ǁĞĞŬƐ ŚĂĚ͕  ŝŶ ĐŽŶƚƌĂƐƚ͕ Ă ŵĂƌŬĞĚ 
ĞĨĨĞĐƚ ŽŶ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ͘ /Ŷ ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ŶŽŶ‐ 
Figure 1. (A‐C) Representative cystometrograms of spinal intact and spinal cord injured (SCi) animals. ;Ϳ /Ŷ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐ͕ ƚŚĞ ƉĂƚƚĞƌŶ ŽĨ 
ďůĂĚĚĞƌ  ĨƵŶĐƚŝŽŶ ǁĂƐ  ŶŽƌŵĂů  ďƵƚ  ƐŝŐŶŝĨŝĐĂŶƚůǇ  ĂůƚĞƌĞĚ  Ăƚ  ŽŶĞ ǁĞĞŬ  ĂĨƚĞƌ  ƐƉŝŶĂů  ĐŽƌĚ  ŝŶũƵƌǇ  ;Ϳ͕ ǁŚĞŶ  ďůĂĚĚĞƌ  ƌĞĨůĞǆ  ĂĐƚŝǀŝƚǇ ǁĂƐ  ĐŽŵƉůĞƚĞůǇ 
ĂďŽůŝƐŚĞĚ͘  ;Ϳ &ŽƵƌ ǁĞĞŬƐ ^/ ĂŶŝŵĂůƐ ƉƌĞƐĞŶƚĞĚ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ͘  (D‐F) Photomicrographs depicting BDNF expression  in the L5‐L6 spinal 
cord segment of spinal intact, one week and four weeks SCI animals. Scale bar = 20 µm. /Ŷ ƚŚĞ ƐƉŝŶĂů ĐŽƌĚ͕ E& ĞǆƉƌĞƐƐŝŽŶ ǁĂƐ ĨŽƵŶĚ ŝŶĐƌĞĂƐĞĚ 
ŝŶ ƚŚĞ ĚŽƌƐĂů ŚŽƌŶƐ ŽĨ ƚŚĞ ƐƉŝŶĂů ĐŽƌĚ͘ /ƚ ƐŝŐŶŝĨŝĐĂŶƚůǇ ŝŶĐƌĞĂƐĞĚ ŽǀĞƌ ƚŝŵĞ ĂĨƚĞƌ ^/ ŝŶ ůĂŵŝŶĂĞ / ĂŶĚ // ;ΎƉфϬ͘Ϭϱ ĂŶĚ ΎΎΎƉфϬ͘ϬϬϭ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚ͕ 
ƌĞƐƉĞĐƚŝǀĞůǇͿ͘  
Spinal 
intact 
(group A) 
SCI 1 week 
(group B) 
SCI 4 weeks 
(group C) 
SCI 4 wks 
+ 1, 10, 
20 µg 
TrkB‐Ig2 
(group D; 
values 
refer to 
20 µg) 
SCI + BDNF 
sequestration 
during spinal 
shock 
(group E) 
SCI + BDNF 
0.7µg/day 
for 4 weeks 
(group F) 
SCI + 2.1 µg/
day for 4 
weeks 
(group G) 
Frequency 
Ϭ͘ϱцϬ͘ϭ  Ϭ͘ϬϰцϬ͘ϬΎ  ϭ͘ϮцϬ͘ϯΎ  Ϭ͘ϯцϬ͘ϮΎ  ϭ͘ϮцϬ͘ϱΎη  Ϭ͘ϳϯцϬ͘ϭη  ϭ͘ϮцϬ͘ϰΎΨΘ 
Peak pressure  Ϯϭ͘ϱцϮ͘ϵ  Ϯϵ͘Ϭцϳ͘Ϯ  ϰϮ͘ϴцϰ͘ϮΎΎΎ  ϯϭ͘Ϭцϱ͘ϲ  ϯϳ͘Ϯцϭϭ͘ϳΎ  Ϯϲ͘ϴцϮ͘Ϭη  ϰϯ͘ϳцϮ͘ϵΎΨΘ 
Amplitude  ϭϴ͘ϳцϯ͘ϱ  Ϯ͘ϲцϬ͘ϳΎΎΎ  Ϯϴ͘ϳцϯ͘ϴΎΎΎ  ϲ͘ϭц ϯ͘ϵΎ  ϭϬ͘ϳцϮ͘ϵΎΎΎ  ϭϴ͘Ϯцϯ͘ϯηηη  Ϯϰ͘Ϭцϲ͘ϰΨΘ 
Table 1. sĂůƵĞƐ ŽĨ ĨƌĞƋƵĞŶĐǇ͕ ƉĞĂŬ ƉƌĞƐƐƵƌĞ ĂŶĚ ĂŵƉůŝƚƵĚĞ ŽĨ ďůĂĚĚĞƌ ƌĞĨůĞǆ ĐŽŶƚƌĂĐƚŝŽŶƐ ŽĨ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐ͕ ŶŽŶ‐ƚƌĞĂƚĞĚ ^/ ƌĂƚƐ ĂŶĚ ^/ ƌĂƚƐ 
ƌĞĐĞŝǀŝŶŐ dƌŬ‐/ŐϮ Žƌ E&͘ ƵƌŝŶŐ ĚŝƐĞĂƐĞ ƉƌŽŐƌĞƐƐŝŽŶ͕ ƚŚĞƌĞ ǁĂƐ ĂŶ ŝŶĐƌĞĂƐĞ ŽĨ Ăůů ƉĂƌĂŵĞƚĞƌƐ͘ E& ƐĞƋƵĞƐƚƌĂƚŝŽŶ ĚƵƌŝŶŐ ƐƉŝŶĂů ƐŚŽĐŬ ŝŶĚƵĐĞĚ 
ĞĂƌůǇ EK͕ ĂƐ Ăůů ƉĂƌĂŵĞƚĞƌƐ ǁĞƌĞ ŚŝŐŚĞƌ ƚŚĂŶ ^/ ĂŶŝŵĂůƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ƉŽŝŶƚ͘ ĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ ƚŚĞ ůŽǁĞƐƚ ĚŽƐĞ ŽĨ E& ǁĂƐ ŽŶůǇ ĞĨĨĞĐƚŝǀĞ ŝĨ 
ƉƌŽůŽŶŐĞĚ ĨŽƌ ϰ ǁĞĞŬƐ͕ ǁŚĞƌĞĂƐ ŝŶĐƌĞĂƐŝŶŐ ƚŚĞ ĂŵŽƵŶƚ ŽĨ Ed ĚŝĚ ŶŽƚ ŝŵƉƌŽǀĞ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ͘  
ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ͕ ΎΎΎƉфϬ͘ϬϬϭ ǀĞƌƐƵƐ ͕ ηƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ͕ ηηηƉфϬ͘ϬϬϭ ǀĞƌƐƵƐ ͕ Ψ ƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ͕ Θ ƉфϬ͘Ϭϱ ǀĞƌƐƵƐ &
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϬϯ
^/ ĂŶŝŵĂůƐ Ăƚ ϰ ǁĞĞŬƐ͕ ǁĞ ĨŽƵŶĚ ƚŚĂƚ Ϭ͘ϳ ђŐͬĚĂǇ ŽĨ 
E&  ĚĞĐƌĞĂƐĞĚ  ƚŚĞ  ĨƌĞƋƵĞŶĐǇ͕  ĂŵƉůŝƚƵĚĞ͕  ƉĞĂŬ 
ƉƌĞƐƐƵƌĞ ĂŶĚ h ŽĨ ďůĂĚĚĞƌ ĐŽŶƚƌĂĐƚŝŽŶƐ ;&ŝŐƐ͘ ϰ͕ 
ϱ‐ϱ͖  dĂďůĞ  ϭͿ͘  ŚƌŽŶŝĐ  E&  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  Ăƚ 
ŚŝŐŚĞƌ  ĚŽƐĞƐ  ĚƵƌŝŶŐ  ϰ ǁĞĞŬƐ  ;Ϯ͘ϭ ђŐͬĚĂǇͿ  ĚŝĚ  ŶŽƚ 
ƉƌŽĚƵĐĞ  ĂŶǇ  ďĞŶĞĨŝĐŝĂů  ĞĨĨĞĐƚ  ĂƐ  ďůĂĚĚĞƌ  ĨƵŶĐƚŝŽŶ 
ǁĂƐ  ƐŝŵŝůĂƌ  ƚŽ  ŶŽŶ‐ƚƌĞĂƚĞĚ  ϰ  ǁĞĞŬƐ  ^/  ĂŶŝŵĂůƐ 
;&ŝŐƐ͘ ϰ͕ ϱ‐ϱ͖ dĂďůĞ ϭͿ͘ ŽƌƌĞĐƚ ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ 
ƚŚĞ Ed ǁĂƐ ĐŽŶĨŝƌŵĞĚ ďǇ ĞǀĂůƵĂƚŝŶŐ E& ŝŵŵƵŶŽ‐
ƌĞĂĐƚŝǀŝƚǇ͕ ǁŚŝĐŚ ǁĂƐ ƐŝŐŶŝĨŝĐĂŶƚůǇ ŝŶĐƌĞĂƐĞĚ ŝŶ ĐŽŵ‐
ƉĂƌŝƐŽŶ ǁŝƚŚ ŶŽŶ‐ƚƌĞĂƚĞĚ ^/ ƌĂƚƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ 
ƉŽŝŶƚ  ;ƉфϬ͘ϬϱͿ͘  dŚĞƐĞ  ƌĞƐƵůƚƐ  ƐƵŐŐĞƐƚĞĚ  ƚŚĂƚ  ƉƌŽ‐
ůŽŶŐĞĚ  E&  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŵĂǇ  ƉƌĞǀĞŶƚ  ƚŚĞ  ĂƉ‐
ƉĞĂƌĂŶĐĞ ŽĨ EK͘ dŚŝƐ ƉƌŽƚĞĐƚŝǀĞ ĞĨĨĞĐƚ ŝƐ ŚŽǁĞǀĞƌ 
ůŽƐƚ ŝĨ ŚŝŐŚ ĚŽƐĞƐ ŽĨ E& ĂƌĞ ƵƐĞĚ͘  
/Ŷ  Ăůů  ĐĂƐĞƐ͕  ƐƉŝŶĂů  E&  ĞǆƉƌĞƐƐŝŽŶ  ǁĂƐ  ĂƐ‐
ƐĞƐƐĞĚ  ƚŽ  ĐŽŶĨŝƌŵ  ĨƵůů  E&  ĚĞůŝǀĞƌǇ  ĂŶĚ ǁĞ  Žď‐
ƐĞƌǀĞĚ ƐƚƌŽŶŐĞƌ ŝŵŵƵŶŽƌĞĂĐƚŝǀŝƚǇ ŝŶ ƐƉŝŶĂů ƐĞĐƚŝŽŶƐ 
ĨƌŽŵ  ƚƌĞĂƚĞĚ  ĂŶŝŵĂůƐ  ŝŶ  ĐŽŵƉĂƌŝƐŽŶ  ǁŝƚŚ  ŶŽŶ‐
ƚƌĞĂƚĞĚ  ^/  Ăƚ  ƚŚĞ  ƐĂŵĞ  ƚŝŵĞ  ƉŽŝŶƚ  ;&ŝŐƐ͘  ϰ͕  ϰ&͕ 
ϰ'Ϳ͘  
Figure 2. (A) Representative cystometogram of 4 weeks SCI animals treated with acute intrathecal injection of saline and TrkB‐Ig2. /ŶƚƌĂƚŚĞĐĂů 
ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ ƐĂůŝŶĞ ĚŝĚ ŶŽƚ ĂůƚĞƌ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ ǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ďĂƐĞůŝŶĞ͘ /Ŷ ĐŽŶƚƌĂƐƚ͕ ŝŶƚƌĂƚŚĞĐĂů ŝŶũĞĐƚŝŽŶ ŽĨ dƌŬ‐/ŐϮ ĚŽƐĞ‐ĚĞƉĞŶĚĞŶƚůǇ 
ĂďŽůŝƐŚĞĚ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ͘ (B‐E) Graph of bars depicting the mean frequency (B), peak pressure (C) and amplitude (D) of bladder contrac‐
tions and area under the curve (AUC; E) of four weeks SCI animals treated with saline, 1 µg,  10 µg and 20 µg of TrkB‐Ig2. dŚĞ ĨƌĞƋƵĞŶĐǇ͕ ĂŵƉůŝ‐
ƚƵĚĞ ŽĨ ďůĂĚĚĞƌ ĐŽŶƚƌĂĐƚŝŽŶƐ ĂŶĚ h ƐŝŐŶŝĨŝĐĂŶƚůǇ ĚĞĐƌĞĂƐĞĚ ĂĨƚĞƌ  ŝŶƚƌĂƚŚĞĐĂů  ŝŶũĞĐƚŝŽŶ ŽĨ ϭϬ ђŐ ĂŶĚ ϮϬ ђŐ ŽĨ dƌŬ‐/ŐϮ ;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ďĂƐĞůŝŶĞ 
ǀĂůƵĞƐͿ͘ EŽ ĐŚĂŶŐĞƐ ǁĞƌĞ ĨŽƵŶĚ ŝŶ ƉĞĂŬ ƉƌĞƐƐƵƌĞ͘ 
GAP‐43 expression at the spinal cord 
dŚĞ  ĂƉƉĞĂƌĂŶĐĞ  ŽĨ  EK  ĂĨƚĞƌ  ^/  ŚĂƐ  ďĞĞŶ 
ůŝŶŬĞĚ  ƚŽ  ƐƉƌŽƵƚŝŶŐ  ĂŶĚ  ƐǇŶĂƉƚŝĐ  ƌĞŽƌŐĂŶŝǌĂƚŝŽŶ ŽĨ 
ďůĂĚĚĞƌ  ƐĞŶƐŽƌǇ  ĂĨĨĞƌĞŶƚƐ͘  dŚĞƐĞ  ĞǀĞŶƚƐ  ĐĂŶ  ďĞ 
ŵŽŶŝƚŽƌĞĚ  ďǇ  ĂŶĂůǇƐŝŶŐ  'W‐ϰϯ  ĞǆƉƌĞƐƐŝŽŶ͕  Ă 
ŵĂƌŬĞƌ ŽĨ ĂǆŽŶĂů ƐƉƌŽƵƚŝŶŐ ;sŝǌǌĂƌĚ͕ ϭϵϵϵͿ͘ 'W‐ϰϯ 
ŝŵŵƵŶŽƌĞĂĐƚŝŽŶ ǁĂƐ ǀĞƌǇ ŵŽĚĞƐƚ ŝŶ ƐƉŝŶĂů ƐĞĐƚŝŽŶƐ 
ĨƌŽŵ  ƐƉŝŶĂů  ŝŶƚĂĐƚ  ƌĂƚƐ  ;&ŝŐ͘  ϲͿ͘ KŶ  ƚŚĞ  ĐŽŶƚƌĂƌǇ͕ 
'W‐ϰϯ ĞǆƉƌĞƐƐŝŽŶ ƐŝŐŶŝĨŝĐĂŶƚůǇ ŝŶĐƌĞĂƐĞĚ ŝŶ Ă ƚŝŵĞ‐
ĚĞƉĞŶĚĞŶƚ ŵĂŶŶĞƌ ĂĨƚĞƌ ^/ ;ƉфϬ͘ϬϬϭ ǀĞƌƐƵƐ ƐƉŝŶĂů 
ŝŶƚĂĐƚ͖  &ŝŐƐ͘  ϲ͕  ϲ͕  ϲ&Ϳ͘  /Ŷ  ƚŚĞƐĞ  ĂŶŝŵĂůƐ 
ŝŵŵŵƵŶŽůĂďĞůůŝŶŐ  ǁĂƐ  ĨŽƵŶĚ  ďŝůĂƚĞƌĂůůǇ  ŝŶ  ƚŚĞ 
ƐƵƉĞƌĨŝĐŝĂů  ůĂǇĞƌƐ  ŽĨ  ƚŚĞ  ĚŽƌƐĂů  ŚŽƌŶ͘  'W‐ϰϯ ǁĂƐ 
ĂůǁĂǇƐ ĐŽ‐ůŽĐĂůŝǌĞĚ ǁŝƚŚ 'ZW ;&ŝŐƐ͘ ϲ'͕ ϲ,͕ ϲ/Ϳ͘   
ŽŶƚŝŶƵŽƵƐ  E&  ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ĚƵƌŝŶŐ  ƚŚĞ 
ƐƉŝŶĂů ƐŚŽĐŬ ƌĞƐƵůƚĞĚ ŝŶ ŝŶƚĞŶƐĞ 'W‐ϰϯ ĞǆƉƌĞƐƐŝŽŶ͕ 
ŝŶ ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ƐƉŝŶĂů ŝŶƚĂĐƚ ƌĂƚƐ ;ƉфϬ͘Ϭϱ ǀĞƌƐƵƐ 
ƐƉŝŶĂů  ŝŶƚĂĐƚ͖  &ŝŐƐ͘  ϲ͕  ϲ&Ϳ͘  Ɛ  ŝŶ  ƚŚĞ  ŽƚŚĞƌ 
ĞǆƉĞƌŝŵĞŶƚĂů  ŐƌŽƵƉƐ͕  ƐƉƌŽƵƚŝŶŐ  ĂǆŽŶƐ ǁĞƌĞ 'ZW‐
ƉŽƐŝƚŝǀĞ ;&ŝŐ͘ ϲ:Ϳ͘  
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϬϰ
ŽŶƚŝŶƵŽƵƐ  E&  ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ĚƵƌŝŶŐ  ƚŚĞ 
ƐƉŝŶĂů ƐŚŽĐŬ ƌĞƐƵůƚĞĚ ŝŶ ŝŶƚĞŶƐĞ 'W‐ϰϯ ĞǆƉƌĞƐƐŝŽŶ͕ 
ŝŶ  ĐŽŵƉĂƌŝƐŽŶ  ǁŝƚŚ  ƐƉŝŶĂů  ŝŶƚĂĐƚ  ƌĂƚƐ  ;ƉфϬ͘Ϭϱ 
ǀĞƌƐƵƐ  ƐƉŝŶĂů  ŝŶƚĂĐƚ͖  &ŝŐƐ͘ ϲ͕ ϲ&Ϳ͘ Ɛ  ŝŶ  ƚŚĞ ŽƚŚĞƌ 
ĞǆƉĞƌŝŵĞŶƚĂů ŐƌŽƵƉƐ͕ ƐƉƌŽƵƚŝŶŐ ĂǆŽŶƐ ǁĞƌĞ 'ZW‐
ƉŽƐŝƚŝǀĞ ;&ŝŐ͘ ϲ:Ϳ͘  
Figure 3. (A) Representative cystometrogram of 1 week SCI animals 
treated  with  TrkB‐Ig2.  ŚƌŽŶŝĐ  ŝŶƚƌĂƚŚĞĐĂů  E&  ƐĞƋƵĞƐƚƌĂƚŝŽŶ ǁŝƚŚ 
dƌŬ‐/ŐϮ͕ ŝŶŝƚŝĂƚĞĚ ŝŵŵĞĚŝĂƚĞůǇ ĂĨƚĞƌ ƐƉŝŶĂů ĐŽƌĚ ŝŶũƵƌǇ ĂŶĚ ůĂƐƚŝŶŐ ĨŽƌ ϭ 
ǁĞĞŬ͕ ƌĞƐƵůƚĞĚ ŝŶ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ͘ (B) Photomicrograph showing 
BDNF  expression  in  the  L5‐L6  spinal  cord  segment  of  1  week  SCI 
animals  treated  with  TrkB‐Ig2.  Scale  bar  =  20  µm.  /ŶƚƌĂƚŚĞĐĂů 
ƐĞƋƵĞƐƚƌĂƚŝŽŶ ŽĨ E& ĐĂƵƐĞĚ Ă ŵĂƌŬĞĚ ĚĞĐƌĞĂƐĞ ŝŶ E& ĞǆƉƌĞƐƐŝŽŶ 
ŝŶ ƚŚĞ ĚŽƌƐĂů ŚŽƌŶ ŝŶ ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ŶŽŶ‐ƚƌĞĂƚĞĚ ϭ ǁĞĞŬ ^/ ƌĂƚƐ ;ƐĞĞ 
ĨŝŐ͘ ϭ͖ ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ŶŽŶ‐ƚƌĞĂƚĞĚ ^/ ƌĂƚƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ƉŽŝŶƚͿ͘ 
ǆƉƌĞƐƐŝŽŶ ŽĨ 'W‐ϰϯ ǁĂƐ ĂůƐŽ ĂŶĂůǇƐĞĚ ĂĨƚĞƌ ϰ 
ǁĞĞŬƐ  ŽĨ  ŝŶƚƌĂƚŚĞĐĂů  E&  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  ;Ϭ͘ϳђŐͬ
ĚĂǇͿ ĂĨƚĞƌ ^/͘ Ɛ  ŝŶ ƚŚĞ ŽƚŚĞƌ ĞǆƉĞƌŝŵĞŶƚĂů ŐƌŽƵƉƐ͕ 
'W‐ϰϯ ǁĂƐ ŽďƐĞƌǀĞĚ ŝŶ ƚŚĞ ƐƵƉĞƌĨŝĐŝĂů ůĂǇĞƌƐ ŽĨ ƚŚĞ 
ĐŽƌĚ͘ 'W‐ϰϯ ŝŵŵƵŶŽƌĞĂĐƚŝŽŶ ǁĂƐ ŶŽƚ ĂƐ ŝŶƚĞŶƐĞ ĂƐ 
ƚŚĂƚ ŽďƐĞƌǀĞĚ  ŝŶ ŶŽŶ‐ƚƌĞĂƚĞĚ ϰ ǁĞĞŬƐ ^/  ƌĂƚƐ  ;&ŝŐ͘ 
ϲ͕ ϲ'Ϳ͘ E&  ƚƌĞĂƚŵĞŶƚ ĚŝĚ ŶŽƚ ĚĞĐƌĞĂƐĞ 'W‐ϰϯ 
ŝŵŵƵŶŽƌĞĂĐƚŝǀŝƚǇ ĚŽǁŶ ƚŽ ůĞǀĞůƐ ŽĨ ƐƉŝŶĂů ŝŶƚĂĐƚ ƌĂƚƐ 
;ƉфϬ͘ϬϬϭͿ͘  
In vitro assessment of intrinsic growth ability 
Ɛ  ŝŶĐƌĞĂƐĞĚ  ůĞǀĞůƐ ŽĨ 'W‐ϰϯ  ŝŶĚŝĐĂƚĞ  ŝŶĐƌĞĂƐĞĚ 
ŐƌŽǁƚŚ  ĂďŝůŝƚǇ͕  Z'  ǁĞƌĞ  ĐŽůůĞĐƚĞĚ  ĨƌŽŵ  Ăůů 
ĞǆƉĞƌŝŵĞŶƚĂů  ŐƌŽƵƉƐ  ĂŶĚ  ŶĞƵƌŽŶƐ  ĐƵůƚƵƌĞĚ  ĨŽƌ  ϭϮ 
ŚŽƵƌƐ ƚŽ ŝŶǀĞƐƚŝŐĂƚĞ ƚŚĞŝƌ ŝŶƚƌŝŶƐŝĐ ŐƌŽǁƚŚ ĂďŝůŝƚǇ͘ ůů 
ŶĞƵƌŽŶƐ ĂĚŚĞƌĞĚ  ƚŽ  ƚŚĞ  ĐĞůů  ƐƵďƐƚƌĂƚĞ ĂŶĚ ĞŵŝƚƚĞĚ 
ůŽŶŐ ŶĞƵƌŝƚĞƐ  ;&ŝŐƐ͘ ϳ‐ ϳͿ͘ EĞƵƌŝƚĞ ďƌĂŶĐŚŝŶŐ ǁĂƐ 
ƚŚĞ  ƉĂƌĂŵĞƚĞƌ  ƚŚĂƚ  ƐŚŽǁĞĚ ŵŽƌĞ  ǀĂƌŝĂƚŝŽŶ  ĂĐƌŽƐƐ 
ƚŚĞ  ĚŝĨĨĞƌĞŶƚ  ĞǆƉĞƌŝŵĞŶƚĂů  ŐƌŽƵƉƐ͘  ƌĂŶĐŚŝŶŐ  ǁĂƐ 
ƐŝŐŶŝĨŝĐĂŶƚůǇ  ĂůƚĞƌĞĚ  ďǇ  ^/͕  ĂƐ  ϭ ǁĞĞŬ  ĂĨƚĞƌ  ŝŶũƵƌǇ 
ƚŚĞ  ŵĞĂŶ  ŶƵŵďĞƌ  ŽĨ  ďƌĂŶĐŚĞƐ  ƉĞƌ  ĐĞůů  ǁĂƐ 
ƐŝŐŶŝĨŝĐĂŶƚůǇ ůŽǁĞƌ ƚŚĂŶ ŝŶ ĐĞůůƐ ŽďƚĂŝŶĞĚ ĨƌŽŵ ƐƉŝŶĂů 
ŝŶƚĂĐƚ ƌĂƚƐ ;ƉфϬ͘ϬϬϭ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚ͖ &ŝŐƐ͘ ϳ͖ ϴ͖ 
dĂďůĞ  ϮͿ͘  /Ŷ  ĐŽŶƚƌĂƐƚ͕  ďƌĂŶĐŚŝŶŐ  ǁĂƐ  ŵƵĐŚ  ŵŽƌĞ 
ƉƌŽŵŝŶĞŶƚ  ŝŶ  Z'  ŶĞƵƌŽŶƐ͕  ƉĂƌƚŝĐƵůĂƌůǇ  ŝŶ  ƚŚĞ 
ǀŝĐŝŶŝƚǇ ŽĨ ƚŚĞ ƐŽŵĂ͕ ŽďƚĂŝŶĞĚ ĨƌŽŵ ƌĂƚƐ ǁŝƚŚ EK ;ϰ 
ǁĞĞŬƐ ĂĨƚĞƌ ^/͖ &ŝŐƐ͘ ϳ͕ ϴͿ͘ 
/Ŷ ^/ ĂŶŝŵĂůƐ ƐƵďŵŝƚƚĞĚ  ƚŽ E& ƐĞƋƵĞƐƚƌĂƚŝŽŶ 
ĚƵƌŝŶŐ  ƚŚĞ  ĨŝƌƐƚ  ǁĞĞŬ  ĂĨƚĞƌ  ƚƌĂŶƐĞĐƚŝŽŶ͕  ŶĞƵƌŝƚĞ 
ďƌĂŶĐŚŝŶŐ  ǁĂƐ  ƐŝŐŶŝĨŝĐĂŶƚůǇ  ŝŶĐƌĞĂƐĞĚ  ;ƉфϬ͘ϬϬϭ 
ǀĞƌƐƵƐ  ƐƉŝŶĂů  ŝŶƚĂĐƚ  ĂŶĚ  ^/  ϭ ǁĞĞŬ͖  &ŝŐƐ͘  ϳ͕  ϴ͖ 
dĂďůĞ ϮͿ͘  
Figure 4. (A‐C) Representative cystometrograms of 1 week and 4 weeks SCI animals treated with chronic BDNF (1.5 µg/day for 7 days, 0.7 µg/
day and 2.1µg/day, for 28 days). Scale bar=20 µm. ;Ϳ /ŶƚƌĂƚŚĞĐĂů ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ E& ĨŽƌ ϭ ǁĞĞŬ͕ ĂůƐŽ ŝŶŝƚŝĂƚĞĚ ŝŵŵĞĚŝĂƚĞůǇ ĂĨƚĞƌ ĐŽƌĚ ŝŶũƵƌǇ͕ 
ĚŝĚ ŶŽƚ ƉƌŽĚƵĐĞ  ƐŝŐŶŝĨŝĐĂŶƚ  ĐŚĂŶŐĞƐ  ŝŶ ďůĂĚĚĞƌ  ĨƵŶĐƚŝŽŶ ǁŚĞŶ  ĐŽŵƉĂƌĞĚ  ƚŽ ϭ ǁĞĞŬ  ^/ ĂŶŝŵĂůƐ͘  ;Ϳ ŚƌŽŶŝĐ  ŝŶƚƌĂƚŚĞĐĂů ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ  ƚŚĞ 
ůŽǁĞƐƚ ĚŽƐĞ ŽĨ E& ƚŽ ^/ ƌĂƚƐ ĨŽƌ ϰ ǁĞĞŬƐ͕ ǁŚŝĐŚ ďĞŐĂŶ ŝŵŵĞĚŝĂƚĞůǇ ĂĨƚĞƌ ůĞƐŝŽŶ ŽĨ ƚŚĞ ĐŽƌĚ͕ ƌĞƐƵůƚĞĚ ŝŶ ĂŶ ŝŵƉƌŽǀĞŵĞŶƚ ŽĨ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ ŝŶ 
ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ŶŽŶ‐ƚƌĞĂƚĞĚ ϰ ǁĞĞŬƐ ^/ ƌĂƚƐ͘ ;Ϳ dŚĞ ŚŝŐŚĞƐƚ ĚŽƐĞ ŽĨ E& ĚŝĚ ŶŽƚ  ŝŶĚƵĐĞ ƐŝŐŶŝĨŝĐĂŶƚ  ŝŵƉƌŽǀĞŵĞŶƚƐ  ŝŶ ďůĂĚĚĞƌ ĂĐƚŝǀŝƚǇ͘ (D‐F) 
Photomicrographs showing BDNF expression  in the L5‐L6 spinal cord segment of 1 week and 4 weeks SCI animals treated with chronic BDNF 
(1.5 µg/day for 7 days, 0.7 µg/day and 2.1µg/day, for 28 days). Scale bar=20 µm. E& ĞǆƉƌĞƐƐŝŽŶ ƌĞŵĂŝŶĞĚ ǁĂƐ ĞůĞǀĂƚĞĚ ŝŶ ƚŚĞ ĚŽƌƐĂů ŚŽƌŶ ŽĨ 
ƚŚĞ  ƐƉŝŶĂů  ŝŶ  Ăůů  ĞǆƉĞƌŝŵĞŶƚĂů  ŐƌŽƵƉƐ͘  /ŶƚƌĂƚŚĞĐĂů  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  ŽĨ  ƚŚŝƐ Ed  ƐŝŐŶŝĨŝĐĂŶƚůǇ  ŝŶĐƌĞĂƐĞĚ  E&  ĞǆƉƌĞƐƐŝŽŶ  Ăƚ  ƚŚĞ  ƐƉŝŶĂů  ĚŽƌƐĂů  ŚŽƌŶ 
;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ŶŽŶ‐ƚƌĞĂƚĞĚ ^/ ƌĂƚƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ƉŽŝŶƚͿ͘  
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϬϱ
KƚŚĞƌ  ƉĂƌĂŵĞƚĞƌƐ  ůŝŬĞ ŶĞƵƌŝƚĞ  ůĞŶŐƚŚ  ĂŶĚ  ĂƌĞĂ ŽĨ 
ƚŚĞ  ƐŽŵĂ  ƐŚŽǁĞĚ  ůĞƐƐ  ǀĂƌŝĂƚŝŽŶ  ĂĐƌŽƐƐ  ĞǆƉĞƌŝŵĞŶƚĂů 
ŐƌŽƵƉƐ͘  EĞǀĞƌƚŚĞůĞƐƐ͕  ƚŚĞƌĞ  ǁĂƐ  Ă  ƐŝŐŶŝĨŝĐĂŶƚ 
ƌĞĚƵĐƚŝŽŶ  ŝŶ ƚŚĞ ŶĞƵƌŝƚĞ  ůĞŶŐƚŚ ŽĨ Z' ĐĞůůƐ ĐŽůůĞĐƚĞĚ 
ϭ ǁĞĞŬ ĂĨƚĞƌ ^/ ;ƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐͿ͘ 
ŚƌŽŶŝĐ  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  ŽĨ  E&  ĂůƐŽ  ŝŶĐƌĞĂƐĞĚ 
ŶĞƵƌŝƚĞ ďƌĂŶĐŚŝŶŐ͘ dƌĞĂƚŵĞŶƚ ĚŝĚ ŶŽƚ ĂĨĨĞĐƚ ƚŚĞ ůĞŶŐƚŚ 
ŽĨ  ŶĞƵƌŝƚĞ  ďƵƚ  ďƌĂŶĐŚŝŶŐ  ǁĂƐ  ĞǀŝĚĞŶƚ  ĂŶĚ  ƐůŝŐŚƚůǇ 
ŵŽƌĞ  ƉƌŽŵŝŶĞŶƚ  ƚŚĂŶ  ŝŶ  ĐĞůůƐ  ŽďƚĂŝŶĞĚ  ĨƌŽŵ  ŶŽŶ‐
ƚƌĞĂƚĞĚ  ϰ  ǁĞĞŬƐ  ^/  ƌĂƚƐ͕  ƉĂƌƚŝĐƵůĂƌůǇ  ŝŶ  ƌĞŐŝŽŶƐ 
ůŽĐĂƚĞĚ ŵŽƌĞ ƚŚĂŶ ϭϬϬ ђŵ ĨƌŽŵ ƚŚĞ ƐŽŵĂ ;&ŝŐ͘ ϳ͕ ϴ͖ 
dĂďůĞ ϮͿ͘  
Mechanisms  of  axonal  sprouting:  involve‐
ment of JNK 
dŽ  ŝŶǀĞƐƚŝŐĂƚĞ  ƚŚĞ  ŝŶƚƌĂĐĞůůƵůĂƌ ŵĞĐŚĂŶŝƐŵƐ 
ŽĨ ĂǆŽŶĂů ŐƌŽǁƚŚ͕ ǁĞ ĂƐƐĞƐƐĞĚ ƚŚĞ ůĞǀĞůƐ ŽĨ :E< 
ĂĐƚŝǀĂƚŝŽŶ  ŝŶ  ƚŚĞ  >ϲ  ƐƉŝŶĂů  ĐŽƌĚ  ƐĞŐŵĞŶƚ͘  >ŝƚƚůĞ 
ƉŚŽƐƉŚŽ:E< ŝŵŵƵŶŽƌĞĂĐƚŝŽŶ ǁĂƐ ĨŽƵŶĚ ŝŶ ƐĞĐ‐
ƚŝŽŶƐ  ĨƌŽŵ  ƐƉŝŶĂů  ŝŶƚĂĐƚ  ĂŶŝŵĂůƐ  ;&ŝŐƐ͘  ϵ͕  ϵ&͕ 
ϵ'Ϳ͘  /Ŷ  ĐŽŶƚƌĂƐƚ͕  :E<  ĂĐƚŝǀĂƚŝŽŶ  ŽĐĐƵƌƌĞĚ 
ƚŚƌŽƵŐŚŽƵƚ ƚŚĞ ĚŽƌƐĂů ŚŽƌŶ ŝŶ ^/ ĂŶŝŵĂůƐ ;&ŝŐƐ͘ 
ϵ‐ϵ'Ϳ͕  ƉĂƌƚŝĐƵůĂƌůǇ  ŝŶ  ůĂŵŝŶĂĞ  /  ĂŶĚ  //͘  dƌĞĂƚ‐
ŵĞŶƚ  ǁŝƚŚ  E&  ƐĐĂǀĞŶŐĞƌ  ĚƵƌŝŶŐ  ŽŶĞ  ǁĞĞŬ 
ĐĂƵƐĞĚ  Ă ŵĂƌŬĞĚ  ŝŶĐƌĞĂƐĞĚ  ŽĨ  ƉŚŽƉŚŽ:E<  Ğǆ‐
ƉƌĞƐƐŝŽŶ͘  ,ŽǁĞǀĞƌ͕  ĐŚƌŽŶŝĐ  ƚƌĞĂƚŵĞŶƚ  ǁŝƚŚ 
E& ĚƵƌŝŶŐ ϰ ǁĞĞŬƐ ďƌŽƵŐŚƚ :E< ĂĐƚŝǀĂƚŝŽŶ ƚŽ 
ƐƉŝŶĂů ŝŶƚĂĐƚ ůĞǀĞůs.  
Figure 5. (A‐D) Histograms showing the mean frequency, peak pressure and amplitude of bladder contractions and area under the curve (AUC) 
of spinal  intact. ;AͿ dŚĞ ĨƌĞƋƵĞŶĐǇ ŽĨ ďůĂĚĚĞƌ ƌĞĨůĞǆ ĐŽŶƚƌĂĐƚŝŽŶƐ ǁĂƐ ƐŝŐŶŝĨŝĐĂŶƚůǇ ĚĞĐƌĞĂƐĞĚ ϭ ǁĞĞŬ ĂĨƚĞƌ ^/ ďƵƚ ƵƉƌĞŐƵůĂƚĞĚ ϰ ǁĞĞŬƐ ĂĨƚĞƌ ĐŽƌĚ 
ŝŶũƵƌǇ ;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐͿ͘ KŶĞ ǁĞĞŬ ^/ ĂŶŝŵĂůƐ ŝŶƚƌĂƚŚĞĐĂůůǇ ƚƌĞĂƚĞĚ ǁŝƚŚ ĐŚƌŽŶŝĐ dƌŬ‐/ŐϮ ƉƌĞƐĞŶƚĞĚ Ă ƐŝŐŶŝĨŝĐĂŶƚ ŝŶĐƌĞĂƐĞ ŝŶ 
ďůĂĚĚĞƌ ƌĞĨůĞǆ ĂĐƚŝǀŝƚǇ ǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐ ĂŶĚ ǁŝƚŚ ŶŽŶ‐ƚƌĞĂƚĞĚ ĂŶŝŵĂůƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ƉŽŝŶƚ ;ΎƉфϬ͘ϬϱͿ͘ /ŶƚƌĂƚŚĞĐĂů ĂĚŵŝŶŝ‐
ƐƚƌĂƚŝŽŶ ŽĨ E& ĨŽƌ ϭ ǁĞĞŬ ĚŝĚ ŶŽƚ ĂĨĨĞĐƚ ďůĂĚĚĞƌ ĐŽŶƚƌĂĐƚŝŽŶƐ͘ ŚƌŽŶŝĐ ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ͕ ĨŽƌ ϰ ǁĞĞŬƐ ŽĨ E&  ƌĞĚƵĐĞĚ ƵƌŝŶĂƌǇ ĨƌĞƋƵĞŶĐǇ ŝŶ ĐŽŵ‐
ƉĂƌŝƐŽŶ ǁŝƚŚ ŶŽŶ‐ƚƌĞĂƚĞĚ ^/ ƌĂƚƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ƉŽŝŶƚ ;ηƉфϬ͘ϬϱͿ͕ ďƵƚ ƚŚĞƌĞ  ŝƐ ĂŶ  ŝŶĐƌĞĂƐĞ  ŝŶ ƚŚĞ ƵƌŝŶĂƌǇ ĨƌĞƋƵĞŶĐǇ ǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ƐƉŝŶĂů 
ŝŶƚĂĐƚ ĂŶŝŵĂůƐ ;ΎƉфϬ͘ϬϱͿ͘ ĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ Ϯ͘ϭ ђŐͬĚĂǇ ĨŽƌ ϰ ǁĞĞŬƐ ĚŝĚ ŶŽƚ ĂůƚĞƌ ƵƌŝŶĂƌǇ ĨƌĞƋƵĞŶĐǇ ;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶĚ ΨƉфϬ͘Ϭϱ ǀĞƌ‐
ƐƵƐ ϰǁĞĞŬ ^/ ƚƌĞĂƚĞĚ ǁŝƚŚ Ϭ͘ϳђŐͬĚĂǇ ŽĨ E&͘Ϳ͘  
;BͿ &ŽƵƌ ǁĞĞŬƐ ^/ ĂŶŝŵĂůƐ ĂŶĚ ŽŶĞ ǁĞĞŬ ^/ ĂŶŝŵĂůƐ ƚƌĞĂƚĞĚ ǁŝƚŚ dƌŬ‐/ŐϮ ƉƌĞƐĞŶƚĞĚ ĂŶ ĞůĞǀĂƚŝŽŶ ŽĨ ƉĞĂŬ ƉƌĞƐƐƵƌĞ ǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ƐƉŝŶĂů 
ŝŶƚĂĐƚ ĂŶŝŵĂůƐ ;ΎƉфϬ͘ϬϱͿ͘ E& ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ĨŽƌ ϭ ǁĞĞŬ ĚŝĚ ŶŽƚ ĂĨĨĞĐƚ ƉĞĂŬ ƉƌĞƐƐƵƌĞ ďƵƚ ϰ ǁĞĞŬ ƚƌĞĂƚŵĞŶƚ ǁŝƚŚ ůŽǁĞƐƚ ĚŽƐĞ ŽĨ E& ƉƌŽĚƵĐĞĚ Ă 
ƐŝŐŶŝĨŝĐĂŶƚ ƌĞĚƵĐƚŝŽŶ  ŝŶ ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ^/ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ƉŽŝŶƚ ;ηƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ϰ ǁĞĞŬƐ ^/ ƌĂƚƐͿ͘ &ŽƵƌ ǁĞĞŬƐ ^/ ĂŶŝŵĂůƐ ƚƌĞĂƚĞĚ ǁŝƚŚ ƚŚĞ 
ŚŝŐŚĞƐƚ ĚŽƐĞ ŽĨ E& ƉƌĞƐĞŶƚĞĚ Ă ƐŝŐŶŝĨŝĐĂŶƚ  ŝŶĐƌĞĂƐĞ ŽĨ ƚŚĞ ƉĞĂŬ ƉƌĞƐƐƵƌĞ ǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ƐƉŝŶĂů  ŝŶƚĂĐƚ  ;ΎƉфϬ͘Ϭϱ ƐƉŝŶĂů  ŝŶƚĂĐƚ ĂŶŝŵĂůƐ ĂŶĚ 
ϰǁĞĞŬƐ ^/ ĂŶŝŵĂůƐ ƚƌĞĂƚĞĚ ǁŝƚŚ ůŽǁĞƐƚ ĚŽƐĞ ŽĨ E&Ϳ͘  
;CͿ ŵƉůŝƚƵĚĞ ŽĨ ďůĂĚĚĞƌ ĐŽŶƚƌĂĐƚŝŽŶƐ ǁĂƐ ƐŝŐŶŝĨŝĐĂŶƚůǇ ƌĞĚƵĐĞĚ ϭ ǁĞĞŬ ĂĨƚĞƌ ůĞƐŝŽŶ ;ΎΎΎƉфϬ͘ϬϬϭ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐͿ ĂŶĚ ĂŶ ŝŶĐƌĞĂƐĞ ĨŽƵƌ 
ǁĞĞŬƐ ƉŽƐƚ‐ŝŶũƵƌǇ ;ΎΎΎƉфϬ͘ϬϬϭ ǀĞƌƐƵƐ ƐƉŝŶĂů  ŝŶƚĂĐƚ ĂŶŝŵĂůƐͿ͘ E& ƐĞƋƵĞƐƚƌĂƚŝŽŶ ǁĂƐ ĂĐĐŽŵƉĂŶŝĞĚ ďǇ Ă ƌĞĚƵĐƚŝŽŶ ŽĨ ĂŵƉůŝƚƵĚĞ ŽĨ ďůĂĚĚĞƌ ĐŽŶ‐
ƚƌĂĐƚŝŽŶƐ ŝŶ ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐ ;ΎΎΎƉфϬ͘ϬϬϭͿ ďƵƚ ŝŶĐƌĞĂƐĞĚ ǁŚĞŶ ĐŽŵƉĂƌĞĚ ǁŝƚŚ ĂŶŝŵĂůƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ƉŽŝŶƚ ;ηηηƉфϬ͘ϬϬϭ 
ǀĞƌƐƵƐ ŽŶĞ ǁĞĞŬ ^/ ĂŶŝŵĂůƐͿ͘ ^ŚŽƌƚ‐ƚĞƌŵ E& ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ Ϭ͘ϳ ĂŶĚ Ϯ͘ϭ ђŐͬĚĂǇ ĚŝĚ ŶŽƚ ĂĨĨĞĐƚ ƚŚĞ ĂŵƉůŝƚƵĚĞ ŽĨ ďůĂĚĚĞƌ ĐŽŶƚƌĂĐƚŝŽŶƐ ǁŚĞƌĞĂƐ 
ƚŚĞ ƉƌŽůŽŶŐĞĚ ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ǁĂƐ ĂĐĐŽŵƉĂŶŝĞĚ ďǇ Ă ƐůŝŐŚƚ ƌĞĚƵĐƚŝŽŶ ǁŚĞŶ ĐŽŵƉĂƌĞĚ ǁŝƚŚ ϰ ǁĞĞŬƐ ^/ ƌĂƚƐ ;ηηηƉфϬ͘ϬϬϭ ǀĞƌƐƵƐ ĨŽƵƌ ǁĞĞŬƐ ^/ 
ĂŶŝŵĂůƐͿ͘  
;DͿ dŚĞ h ǁĂƐ ǀĞƌǇ ƐŵĂůů ϭ ǁĞĞŬ ĂĨƚĞƌ ůĞƐŝŽŶ ďƵƚ ƐŝŐŶŝĨŝĐĂŶƚůǇ ŐƌĞĂƚĞƌ ŝŶ ϰ ǁĞĞŬ ^/ ĂŶŝŵĂůƐ ;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐͿ͘ EŽ ĐŚĂŶŐĞƐ 
ǁĞƌĞ ĨŽƵŶĚ ŝŶ ϭ ǁĞĞŬ ^/ ĂŶŝŵĂůƐ ƚƌĞĂƚĞĚ ǁŝƚŚ dƌŬ‐/ŐϮ ǁŚĞŶ ĐŽŵƉĂƌĞĚ ƚŽ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐ͘ KŶĞ ǁĞĞŬ ƚƌĞĂƚŵĞŶƚ ǁŝƚŚ Ϭ͘ϳ ђŐͬĚĂǇ E& ĚŝĚ 
ŶŽƚ ĂĨĨĞĐƚ h ŝŶ ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ^/ ĂŶŝŵĂůƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ƉŽŝŶƚ ;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚͿ ďƵƚ ϰ ǁĞĞŬƐ ƚƌĞĂƚŵĞŶƚ ǁŝƚŚ ƚŚĞ ƐĂŵĞ ĚŽƐĞ 
ƌĞĚƵĐĞ h ŝŶ ĐŽŵƉĂƌŝƐŽŶ ǁŝƚŚ ŶŽŶ‐ƚƌĞĂƚĞĚ ĂŶŝŵĂůƐ Ăƚ ƚŚĞ ƐĂŵĞ ƚŝŵĞ ƉŽŝŶƚ ;ηƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ĨŽƵƌ ǁĞĞŬƐ ^/ ĂŶŝŵĂůƐͿ͘ EŽ ĐŚĂŶŐĞƐ ǁĞƌĞ ĨŽƵŶĚ ǁŝƚŚ 
ƚŚĞ ŚŝŐŚĞƐƚ ĚŽƐĞ ŽĨ E&͘ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϬϲ
Figure 6. (A‐F) Photomicrographs showing GAP‐43 expression in the L5‐L6 spinal cord segment of spinal intact (A), 1 week (B) and 4 weeks (C) 
SCT animals, 1 week SCT animals treated with chronic TrkB‐Ig2 and 4 weeks SCT animals treated with chronic saline (D) or BDNF (E; 0.7 µg/
day). Scale bar=100 µm. 'W‐ϰϯ ǁĂƐ ƉƌĞĚŽŵŝŶĂŶƚůǇ ĞǆƉƌĞƐƐĞĚ ŝŶ ƚŚĞ ƐƵƉĞƌĨŝĐŝĂů ůĂŵŝŶĂĞ ŽĨ ƚŚĞ ĚŽƌƐĂů ŚŽƌŶ͕ ǁŝƚŚ Ă ƚŝŵĞ‐ĚĞƉĞŶĚĞŶƚ ŝŶĐƌĞĂƐĞ ;‐
Ϳ͕ ŝŶĚŝĐĂƚŝŶŐ ƚŚĞ ŽĐĐƵƌƌĞŶĐĞ ŽĨ ĨŝďƌĞ ƐƉƌŽƵƚŝŶŐ͘ ŚƌŽŶŝĐ ƐĂůŝŶĞ ĚŝĚ ŶŽƚ ĂĨĨĞĐƚ 'Wϰϯ ĞǆƉƌĞƐƐŝŽŶ ;Ϳ͕ ǁŚŝĐŚ ǁĂƐ ƐŝŐŶŝĨŝĐĂŶƚůǇ ŝŶĐƌĞĂƐĞĚ ĨŽůůŽǁŝŶŐ 
ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ dƌŬ‐/ŐϮ ĨŽƌ ϭ ǁĞĞŬ ;Ϳ Žƌ E& ĨŽƌ ϰ ǁĞĞŬƐ ;&Ϳ͘ (G) Histogram depicting the mean intensity of GAP‐43 expression in the L5‐L6 
segment.  dŚĞ  ƐƚƌŽŶŐĞƐƚ  ŝŶƚĞŶƐŝƚǇ ŽĨ 'W‐ϰϯ ǁĂƐ ŽďƐĞƌǀĞĚ  ŝŶ  ĨŽƵƌ ǁĞĞŬƐ  ^d  ĂŶŝŵĂůƐ͕  ^d  ĂŶŝŵĂůƐ  ƚƌĞĂƚĞĚ ǁŝƚŚ  dƌŬ‐/ŐϮ ĂŶĚ  ŝŶ  ^d  ĂŶŝŵĂůƐ 
ĐŚƌŽŶŝĐĂůůǇ  ƚƌĞĂƚĞĚ ǁŝƚŚ E&  ;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ƐƉŝŶĂů  ŝŶƚĂĐƚͿ͘  (H‐L) GAP‐43 expression  colocalization with CGRP neuropeptide  in  the dorsal 
horn. Scale bar = 20 µm. /Ŷ Ăůů ĞǆƉĞƌŝŵĞŶƚĂů ŐƌŽƵƉƐ͕ ƚŚĞƌĞ ǁĂƐ Ă ƐƚƌŝĐƚ ĐŽ‐ůŽĐĂůŝǌĂƚŝŽŶ ďĞƚǁĞĞŶ 'W‐ϰϯ ĂŶĚ 'ZW͘  
Discussion 
,ĞƌĞ͕ ǁĞ ŝŶǀĞƐƚŝŐĂƚĞĚ ƚŚĞ ĐŽŶƚƌŝďƵƚŝŽŶ ŽĨ E& 
ƚŽ  ƚŚĞ  ĞŵĞƌŐĞŶĐĞ  ĂŶĚ ŵĂŝŶƚĞŶĂŶĐĞ ŽĨ EK͘ KƵƌ 
ĨŝŶĚŝŶŐƐ ĚĞŵŽŶƐƚƌĂƚĞ ƚŚĂƚ E& ƉůĂǇƐ Ă ŬĞǇ ƌŽůĞ ŝŶ 
ĞƐƚĂďůŝƐŚĞĚ EK͕ ĂƐ  ĨŽƵŶĚ  ŝŶ ĐŚƌŽŶŝĐ ^/ ĂŶŝŵĂůƐ͘ 
KŶ  ƚŚĞ  ŽƚŚĞƌ  ŚĂŶĚ͕  ŽƵƌ  ĚĂƚĂ  ĂůƐŽ  ŝŶĚŝĐĂƚĞƐ  ƚŚĂƚ 
E&͕  ĚƵƌŝŶŐ  ƐƉŝŶĂů  ƐŚŽĐŬ͕  ŚĂƐ  Ă  ƉƌŽƚĞĐƚŝǀĞ  ƌŽůĞ͕ 
ƉƌĞǀĞŶƚŝŶŐ  Žƌ  ĚĞůĂǇŝŶŐ  ƚŚĞ  ĞŵĞƌŐĞŶĐĞ  ŽĨ  EK͘  
dŚĞƌĞĨŽƌĞ͕ ŽƵƌ ƐƚƵĚǇ ŝŶĚŝĐĂƚĞƐ ƚŚĂƚ E& ŵĂǇ ŚĂǀĞ 
ĚƵĂů ƌŽůĞ ŝŶ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ ĨŽůůŽǁŝŶŐ ^/͘ ƚ ůĞĂƐƚ 
ƉĂƌƚ ŽĨ E&  ĞĨĨĞĐƚ ŵĂǇ ŽĐĐƵƌ  ǀŝĂ ŵŽĚƵůĂƚŝŽŶ ŽĨ 
ĂǆŽŶĂů  ƐƉƌŽƵƚŝŶŐ  ĂŶĚ  ŶĞƵƌŝƚĞ  ŐƌŽǁƚŚ  ŽĨ  ďůĂĚĚĞƌ 
ƐĞŶƐŽƌǇ ĂĨĨĞƌĞŶƚƐ͘ 
BDNF  is  involved  in  chronic  SCI‐induced 
bladder dysfunction 
tĞ ŽďƐĞƌǀĞĚ  ƚŚĂƚ  ƚŚĞ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ ďůĂĚĚĞƌ 
ĚǇƐĨƵŶĐƚŝŽŶ ǁĂƐ ĂĐĐŽŵƉĂŶŝĞĚ ďǇ ƚŚĞ ƵƉƌĞŐƵůĂƚŝŽŶ 
ŽĨ ƐƉŝŶĂů E& ĞǆƉƌĞƐƐŝŽŶ͕ ƐƵŐŐĞƐƚŝŶŐ ƚŚĂƚ E& ŝƐ 
ůŝŶŬĞĚ ƚŽ EK͘ dŽ ĐŽŶĨŝƌŵ ƚŚŝƐ͕ E& ƐĞƋƵĞƐƚƌĂƚŝŽŶ 
ǁĂƐ ƉĞƌĨŽƌŵĞĚ ĚƵƌŝŶŐ  ĐǇƐƚŽŵĞƚƌǇ  ŝŶ  ϰ ǁĞĞŬƐ  ^/ 
ƌĂƚƐ͘ tĞ ĨŽƵŶĚ Ă ĚŽƐĞ‐ĚĞƉĞŶĚĞŶƚ ŝŵƉƌŽǀĞŵĞŶƚ ŽĨ 
ďůĂĚĚĞƌ  ĨƵŶĐƚŝŽŶ͕  ǁŝƚŚ  Ă  ƐƵďƐƚĂŶƚŝĂů  ƌĞĚƵĐƚŝŽŶ  ŝŶ 
ƚŚĞ ĨƌĞƋƵĞŶĐǇ ĂŶĚ ĂŵƉůŝƚƵĚĞ ŽĨ ďůĂĚĚĞƌ ƌĞĨůĞǆ  
ĐŽŶƚƌĂĐƚŝŽŶƐ͘  >ŝŬĞǁŝƐĞ͕  ĂĐƵƚĞ  E&  ƐĞƋƵĞƐƚƌĂƚŝŽŶ 
ĂůƐŽ  ƉƌŽĚƵĐĞĚ  Ă  ƐǁŝĨƚ  ŝŵƉƌŽǀĞŵĞŶƚ  ŽĨ  ďůĂĚĚĞƌ 
ĨƵŶĐƚŝŽŶ  ŝŶ  ƌĂƚƐ ǁŝƚŚ ĐǇƐƚŝƚŝƐ  ;&ƌŝĂƐ Ğƚ Ăů͕͘ ϮϬϭϯͿ͘ dŚĞ 
ƌĞĂƐŽŶ  ĨŽƌ  ŽƵƌ  ŽďƐĞƌǀĂƚŝŽŶƐ  ŵĂǇ  ƌĞůĂƚĞ  ƚŽ 
ŝŶĂĐƚŝǀĂƚŝŽŶ  ŽĨ  ƐĞĐŽŶĚ‐ŽƌĚĞƌ  ŶĞƵƌŽŶƐ͘  E&  ŝƐ  Ă 
ƉŽƚĞŶƚ  ĂĐƚŝǀĂƚŽƌ  ŽĨ  ƚŚĞ  Z<  ƉĂƚŚǁĂǇ  ŝŶ  ƐƉŝŶĂů 
ŶĞƵƌŽŶƐ  ;WĞǌĞƚ  Ğƚ  Ăů͕͘  ϮϬϬϮď͖  >ĞǀĞƌ  Ğƚ  Ăů͕͘  ϮϬϬϯď͖ 
^ĂůŝŽ Ğƚ Ăů͕͘ ϮϬϬϳ͖ DĞƌŝŐŚŝ Ğƚ Ăů͕͘ ϮϬϬϴͿ ǁŚŝĐŚ ĂŶ ĞĂƌůǇ 
ƐƚƵĚǇ ĚĞŵŽŶƐƚƌĂƚĞĚ ŚĂƐ Ă ŬĞǇ ƌŽůĞ ŝŶ ƚŚĞ ĞŵĞƌŐĞŶĚĞ 
ŽĨ EK ;ƌƵǌ Ğƚ Ăů͕͘ ϮϬϬϲͿ͘ 
Role of BDNF during the period of spinal shock  
E& ǁĂƐ ĂůƌĞĂĚǇ  ŝŶĐƌĞĂƐĞĚ ϭ ǁĞĞŬ ĂĨƚĞƌ  ƐƉŝŶĂů 
ĐŽƌĚ  ƚƌĂŶƐĞĐƚŝŽŶ͘ ƵƌŝŶŐ  ƚŚŝƐ  ĨŝƌƐƚ ǁĞĞŬ͕  ĐǇƐƚŽŵĞƚƌǇ 
ƐŚŽǁĞĚ  Ă  ƚŽƚĂů  ĂďƐĞŶĐĞ  ŽĨ  ĚĞƚƌƵƐŽƌ  ĐŽŶƚƌĂĐƚŝŽŶƐ͘ 
dĂŬŝŶŐ  ƚŚŝƐ  ĨŝŶĚŝŶŐ  ĂŶĚ  ƚŚĞ  ƉƌĞǀŝŽƵƐ  ŽďƐĞƌǀĂƚŝŽŶƐ 
ŝŶƚŽ  ĐŽŶƐŝĚĞƌĂƚŝŽŶ͕  ǁĞ  ŚǇƉŽƚŚĞƐŝǌĞĚ  ƚŚĂƚ  E& 
ƐĞƋƵĞƐƚƌĂƚŝŽŶ ĐŽƵůĚ ƉƌĞǀĞŶƚ ƚŚĞ ĂƉƉĞĂƌĂŶĐĞ ŽĨ EK͘ 
/ƚ  ƐŚŽƵůĚ  ďĞ  ƌĞĐĂůůĞĚ  ƚŚĂƚ  Ă  ƐŝŵŝůĂƌ  ŚǇƉŽƚŚĞƐŝƐ  ŚĂƐ 
ďĞĞŶ  ƌĂŝƐĞĚ  ďǇ  ^ĞŬŝ  Ğƚ  Ăů  ǁŚŽ  ƐŚŽǁĞĚ  ƚŚĂƚ 
ƐĞƋƵĞƐƚƌĂƚŝŽŶ ŽĨ E'&͕  ŝŶŝƚŝĂƚĞĚ ƚĞŶ ĚĂǇƐ ĂĨƚĞƌ ƐƉŝŶĂů 
ĐŽƌĚ ŝŶũƵƌǇ͕ ƌĞĚƵĐĞĚ EK ĂŶĚ ^ ;^ĞŬŝ Ğƚ Ăů͕͘ ϮϬϬϮ͖  
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϬϳ
Figure 7. (A‐E) Photomicrographs showing beta3‐tubulin expression of L5‐S1 DRGs neurons in culture. Scale bar=20 µm. Neurons from one 
week SCI animals (B) presented shorter neurites when compared to cell from spinal intact animals (A). In cells obtained from four weeks SCI 
animals (C) neurites were long and ramified. (D) Neurons from one week SCI animals treated with chronic TrkB‐Ig2 had long neurites, which 
were extremely ramified. Similar observations were found in DRG neurons from 4 week SCI rats receiving chronic BDNF (E). 
Figure 8. (A‐B) Graphs  indicating the correlation between the mean number of branches with the distance from the soma (µm). (A) One 
week SCI animals treated with TrkB‐Ig2 presented an higher number of branches  in short and  long distances from the soma (until 200 µm) 
when compared  to spinal  intact and one week SCI animals  (*p<0.05).  (B) Four weeks SCI animals  registered an  increase  in  the number of 
branches until 60 µm from the soma, when compared to spinal intact and four weeks SCI animals treated with BDNF. In contrast, four week 
SCI animals  treated with chronic BDNF presented a significant higher number of branches  from 110 µm  to 200 µm  (*p<0.05 versus spinal 
intact and four weeks SCI animals). 
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^ĞŬŝ Ğƚ Ăů͕͘ ϮϬϬϰͿ͘ ^ƵƌƉƌŝƐŝŶŐůǇ͕ E& ƐĞƋƵĞƐƚƌĂƚŝŽŶ 
ĚƵƌŝŶŐ  ƚŚĞ  ƐƉŝŶĂů  ƐŚŽĐŬ  ƉĞƌŝŽĚ  ŝŶĚƵĐĞĚ  ƚŚĞ  ĞĂƌůǇ 
ĞŵĞƌŐĞŶĐĞ ŽĨ EK͘ ^ŝŵŝůĂƌ ƌĞƐƵůƚƐ ŚĂǀĞ ďĞĞŶ ĨŽƵŶĚ 
ĞůƐĞǁŚĞƌĞ͘  hƐŝŶŐ  Ă  ŵŽĚĞů  ŽĨ  ĚŽƌƐĂů  ƌŽŽƚ  ŝŶũƵƌǇ͕ 
ZĂŵĞƌ  ĂŶĚ  ĐŽǁŽƌŬĞƌƐ  ǀĞƌŝĨŝĞĚ  ƚŚĂƚ  E& 
ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ƌĞƐƵůƚĞĚ  ŝŶ  ŽƉƉŽƐŝƚĞ  ĞĨĨĞĐƚƐ 
ĚĞƉĞŶĚŝŶŐ  ŽŶ  ǁŚĞƚŚĞƌ  ŝƚ  ǁĂƐ  ƉĞƌĨŽƌŵĞĚ 
ĐŚƌŽŶŝĐĂůůǇ ĂŶĚ ŝŶŝƚŝĂƚĞĚ ŝŵŵĞĚŝĂƚĞůǇ ĂĨƚĞƌ ůĞƐŝŽŶ Žƌ 
ŽŶůǇ  ďǇ  Ă  ƐŝŶŐůĞ  ŝŶƚƌĂƚŚĞĐĂů  ďŽůƵƐ  Ăƚ  ůĂƚĞƌ  ƐƚĂŐĞƐ 
;ZĂŵĞƌ  Ğƚ  Ăů͕͘  ϮϬϬϳͿ͘ ,ĞƌĞ͕  ŽŶĞ  ĐĂŶ  ŝŶĨĞƌ͕  ĂŐĂŝŶƐƚ 
ŽƵƌ  ŝŶŝƚŝĂů  ŚǇƉŽƚŚĞƐŝƐ͕  ƚŚĂƚ  ƚŚĞ  ŝŶĐƌĞĂƐĞ  ŽĨ  ƐƉŝŶĂů 
E&  ĚƵƌŝŶŐ  ĞĂƌůǇ  ƐƚĂŐĞƐ  ŽĨ  ^/  ŵĂǇ  ŚĂǀĞ  Ă 
ƉƌŽƚĞĐƚŝǀĞ ƌŽůĞ ŽŶ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ͘   
 dŽ  ĨƵƌƚŚĞƌ  ĐŽŶĨŝƌŵ  ƚŚŝƐ͕  ǁĞ  ƉƌŽŵŽƚĞĚ  E& 
ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  ƚŽ  ^/  ĂŶŝŵĂůƐ͘  dƌĞĂƚŵĞŶƚ  ǁĂƐ 
ĐŽŶƚŝŶƵŽƵƐ  ĂŶĚ  ŝŶŝƚŝĂƚĞĚ  ŝŵŵĞĚŝĂƚĞůǇ  ĂĨƚĞƌ  ĐŽƌĚ 
ŝŶũƵƌǇ͘    dŚĞ  ŵŽƐƚ  ƌĞůĞǀĂŶƚ  ĨŝŶĚŝŶŐ  ǁĂƐ  ƚŚĂƚ 
ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ Ϭ͘ϳ ŐͬĚĂǇ ŽĨ E&  ĨŽƌ ϰ ǁĞĞŬƐ 
ƉƌŽĚƵĐĞĚ  Ă  ƐŝŐŶŝĨŝĐĂŶƚ  ĚĞĐƌĞĂƐĞ  ŽĨ  ĨƌĞƋƵĞŶĐǇ͕ 
ĂŵƉůŝƚƵĚĞ͕ ƉĞĂŬ ƉƌĞƐƐƵƌĞ ĂŶĚ h͕ ĐŽŶĨŝƌŵŝŶŐ ƚŚĞ 
ƉƌŽƚĞĐƚŝǀĞ  ƌŽůĞ  ƚŚĂƚ  E& ŵĂǇ  ŚĂǀĞ  ƚŽ  ĂƚƚĞŶƵĂƚĞ 
ƚŚĞ  ĞŵĞƌŐĞŶĐĞ  ĂŶĚ  ŵĂŝŶƚĞŶĂŶĐĞ  ŽĨ  EK͘  KŶĞ 
ŚǇƉŽƚŚĞƐŝƐ ŝƐ ƚŚĂƚ ƚŚŝƐ ĐĂŶ ŽĐĐƵƌƌĞĚ ǀŝĂ ƉŽƚĞŶƚŝĂƚŝŽŶ 
ŽĨ  ƚŚĞ  'ĞƌŐŝĐ  ŶĞƵƌŽƚƌĂŶƐŵŝƐƐŝŽŶ͘  ĞĐĂƵƐĞ 
'ĞƌŐŝĐ  ŶĞƵƌŽŶƐ  ĞǆƉƌĞƐƐ  dƌŬ  ƌĞĐĞƉƚŽƌ͕  ƚŚĞ 
ŝŶĐƌĞĂƐĞĚ ĂŵŽƵŶƚ ŽĨ E& Ăƚ  ƚŚĞ ƐƉŝŶĂů ĐŽƌĚ ŵĂǇ 
ŚĂǀĞ  ƐƵĨĨŝĐĞĚ  ƚŽ  ŝŶĐƌĞĂƐĞ  '  ƌĞůĞĂƐĞ  ;WĞǌĞƚ  Ğƚ 
Ăů͕͘ ϮϬϬϮĂ͖ >ĞǀĞƌ Ğƚ Ăů͕͘ ϮϬϬϯĂ͖ ĂƌĚŽŶŝ Ğƚ Ăů͕͘ ϮϬϬϳͿ͘ 
KŶĞ  ƐŚŽƵůĚ  ƌĞĐĂůů  ƚŚĂƚ  ƚŚŝƐ  ŶĞƵƌŽƚƌĂŶƐŵŝƚƚĞƌ 
ĚĞƉƌĞƐƐĞƐ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ ĂŶĚ ƚŚĞ ƉŽƚĞŶƚŝĂƚŝŽŶ ŽĨ 
'ĞƌŐŝĐ  ŶĞƵƌŽƚƌĂŶƐŵŝƐƐŝŽŶ  ŚĂƐ  ĂůƌĞĂĚǇ  ďĞĞŶ 
ĨŽƌǁĂƌĚĞĚ  ĂƐ  Ă ƉŽƚĞŶƚŝĂů  ƚŚĞƌĂƉĞƵƚŝĐ ŵĞĂƐƵƌĞ  ĨŽƌ 
EK ;DŝǇĂǌĂƚŽ Ğƚ Ăů͕͘ ϮϬϬϴ͖ DŝǇĂǌĂƚŽ Ğƚ Ăů͕͘ ϮϬϬϵͿ͘ 
,ŽǁĞǀĞƌ͕  ƚŚĞ ĚŽƐĂŐĞ ŽĨ E& ďĞŝŶŐ ĂĚŵŝŶŝƐƚĞƌĞĚ 
ŝƐ ĐƌŝƚŝĐĂů ĂƐ  ƚŚĞ ŚŝŐŚĞƐƚ ĚŽƐĞ  ƚĞƐƚĞĚ ĚŝĚ ŶŽƚ ĂĨĨĞĐƚ 
ďůĂĚĚĞƌ  ĚǇƐĨƵŶĐƚŝŽŶ͘  /ƚ  ŝƐ  ƚĞŵƉƚŝŶŐ  ƚŽ  ƐƉĞĐƵůĂƚĞ 
ĂďŽƵƚ Ă ƉŽƐƐŝďůĞ ƚŚĞƌĂƉĞƵƚŝĐ ĂƉƉůŝĐĂƚŝŽŶ ŽĨ E& ŝŶ 
^/  ƉĂƚŝĞŶƚƐ͘  ,ŽǁĞǀĞƌ͕  ŝƚ  ƐŚŽƵůĚ  ďĞ  ŶŽƚĞĚ  ƚŚĂƚ  Ă 
ŚŝŐŚĞƌ  ĚŽƐĞ  ŽĨ  ƚŚŝƐ  Ed  ĚŝĚ  ŶŽƚ  ƉƌŽĚƵĐĞ  ĂŶǇ 
ŝŵƉƌŽǀĞŵĞŶƚ  ŽĨ  ďůĂĚĚĞƌ  ĨƵŶĐƚŝŽŶ͘  ƚ  ƉƌĞƐĞŶƚ  ǁĞ 
ĐĂŶŶŽƚ  ĨŽƌǁĂƌĚ Ă ĐŽŶĐůƵƐŝǀĞ ĞǆƉůĂŶĂƚŝŽŶ  ĨŽƌ  ƚŚĞƐĞ 
ĨŝŶĚŝŶŐƐ ďƵƚ ŝƚ ŵĂǇ ďĞ ƉŽƐƐŝďůĞ ƚŚĂƚ ƚŚĞ ĞǆĐĞƐƐ ŽĨ  
Spinal intact  SCI 1 week  SCI 1 week + 
chronic TrkB‐Ig2  SCI 4 weeks 
SCI 4 weeks + 
chronic BDNF 
Mean neurite 
length (µm)  ϭϳϮϯ͘ϯцϭϰϬ͘ϯ  ϭϱϰϱ͘ϳцϭϱϯ͘ϯΎ  ϮϯϬϳ͘ϯцϭϵϮ͘ϳ  ϭϴϵϮ͘ϵцϭϯϴ͘Ϯ  ϮϬϮϬ͘ϰцϭϱϯ͘ϯ 
Mean soma 
área (µm2)  ϭϯϴϯ͘ϬцϭϱϮ͘Ϯ  ϭϭϴϴ͘Ϯцϲϳ͘ϵ  ϵϳϲ͘ϴцϳϬ͘ϭΎ  ϭϮϯϳ͘ϰцϲϳ͘ϵ
η͕ Θ  ϭϬϬϮ͘ϳцϯϵ͘ϮΎ 
Table 2. DĞĂŶ ƚŽƚĂů ŶĞƵƌŝƚĞ ůĞŶŐƚŚ ;ђŵͿ ĂŶĚ ŵĞĂŶ ƐŽŵĂ ĂƌĞĂ ;ђŵϮͿ ŽĨ ĐƵůƚƵƌĞĚ Z'Ɛ ĐĞůůƐ ŽĨ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐ͕ ŽŶĞ ĂŶĚ ǁĞĞŬƐ 
^d  ĂŶŝŵĂůƐ͕  ŽŶĞ  ǁĞĞŬ  ^/  ĂŶŝŵĂůƐ  ƚƌĞĂƚĞĚ  ǁŝƚŚ  ĐŚƌŽŶŝĐ  dƌŬ‐/ŐϮ  ĂŶĚ  ĨŽƵƌ  ǁĞĞŬƐ  ^/  ĂŶŝŵĂůƐ  ƚƌĞĂƚĞĚ  ǁŝƚŚ  ĐŚƌŽŶŝĐ  E&͘ 
ŽŶĐĞƌŶŝŶŐ  ƚŚĞ  ŶĞƵƌŝƚĞ  ůĞŶŐƚŚ͕  ĐĞůůƐ  ĨƌŽŵ  ŽŶĞ ǁĞĞŬ  ^/  ĂŶŝŵĂůƐ  ƚƌĞĂƚĞĚ ǁŝƚŚ  dƌŬ‐/ŐϮ  ƉƌĞƐĞŶƚĞĚ  Ă  ŚŝŐŚĞƌ  ĐĂƉĂĐŝƚǇ  ŽĨ  ŐƌŽǁƚŚ  
;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ŽŶ ǁĞĞŬ ^/Ϳ͘ ĞůůƐ ĨƌŽŵ ĨŽƵƌ ǁĞĞŬƐ ^/ ĂŶŝŵĂůƐ ƉƌĞƐĞŶƚĞĚ ĂŶ ŝŶĐƌĞĂƐĞ ŽĨ ƚŚĞ ƐŽŵĂ ĂƌĞĂ ;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ƐƉŝŶĂů 
ŝŶƚĂĐƚ͖ ηƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ĨŽƵƌ ǁĞĞŬ ^/ ĂŶŝŵĂůƐ ƚƌĞĂƚĞĚ ǁŝƚŚ ĐŚƌŽŶŝĐ E&͖ ΘƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ϭ ǁĞĞŬ ^/ ĂŶŝŵĂůƐ ƚƌĞĂƚĞĚ ǁŝƚŚ ĐŚƌŽŶŝĐ 
dƌŬ‐/ŐϮͿ͘ 
E&  ĂĚŵŝŶŝƐƚĞƌĞĚ  ĐŽƵůĚ  ĂĐƚŝǀĂƚĞ  ŶŽŶ‐ƐƉĞĐŝĨŝĐ Ed 
ƌĞĐĞƉƚŽƌƐ  ĂŶĚͬŽƌ  ŽƚŚĞƌ  ŝŶƚƌĂĐĞůůƵůĂƌ  ƐŝŐŶĂůůŝŶŐ 
ƉĂƚŚǁĂǇƐ ŝŶ ƐƉŝŶĂů ŶĞƵƌŽŶƐ͘  
Mechanisms  modulating  BDNF  action  on 
bladder function 
WůĂƐƚŝĐ  ƌĞŽƌŐĂŶŝǌĂƚŝŽŶ  ŽĨ  ƚŚĞ  ŶĞƵƌŽŶĂů  ĐŝƌĐƵŝƚƐ 
ŐŽǀĞƌŶŝŶŐ ďůĂĚĚĞƌ  ĨƵŶĐƚŝŽŶ ŚĂƐ ďĞĞŶ  ĨŽƌǁĂƌĚĞĚ ĂƐ 
ƚŚĞ ĐĂƵƐĞ ŽĨ ďůĂĚĚĞƌ ĚǇƐĨƵŶĐƚŝŽŶ  ĨŽůůŽǁŝŶŐ ^/  ;ĚĞ 
'ƌŽĂƚ Ğƚ Ăů͕͘ ϭϵϵϬ͖ sŝǌǌĂƌĚ͕ ϮϬϬϲͿ Žƌ ďůĂĚĚĞƌ ŽƵƚůĞƚ 
ŽďƐƚƌƵĐƚŝŽŶ  ;KKͿ  ;^ƚĞĞƌƐ  Ğƚ  Ăů͕͘  ϭϵϵϭ͖ 'ĂďĞůůĂ  Ğƚ 
Ăů͕͘  ϭϵϵϮ͖  dƵƚƚůĞ  ĂŶĚ  ^ƚĞĞƌƐ͕  ϭϵϵϮͿ͘  ĂƌůǇ  ƐƚƵĚŝĞƐ 
ŚĂǀĞ  ĚĞŵŽŶƐƚƌĂƚĞĚ  ƚŚĂƚ  ďŽƚŚ  ĐŽŶĚŝƚŝŽŶƐ  ŚĂǀĞ  ĂŶ 
ƵƉƌĞŐƵůĂƚŝŽŶ  ŽĨ  E'&  ĂƐƐŽĐŝĂƚĞĚ  ƚŚĂƚ  ůĞĂĚƐ  ƚŽ 
ŚǇƉĞƌƚƌŽƉŚǇ  ŽĨ  ŵĂũŽƌ  ƉĞůǀŝĐ  ŐĂŶŐůŝŽŶ  ĂŶĚ  ĚŽƌƐĂů 
ƌŽŽƚ ŐĂŶŐůŝŽŶ ŶĞƵƌŽŶƐ ;^ƚĞĞƌƐ Ğƚ Ăů͕͘ ϭϵϵϭ͖ ^ƚĞĞƌƐ Ğƚ 
Ăů͕͘  ϭϵϵϲͿ  ĂŶĚ  ƐƉƌŽƵƚŝŶŐ  ŽĨ  ĐĞŶƚƌĂů  ďƌĂŶĐŚĞƐ  ŽĨ 
ďůĂĚĚĞƌ ƐĞŶƐŽƌǇ ĂĨĨĞƌĞŶƚƐ ;sŝǌǌĂƌĚ͕ ϭϵϵϵͿ͘ ,ĞƌĞ͕ ǁĞ 
ĂůƐŽ ŽďƐĞƌǀĞĚ ƐƉƌŽƵƚŝŶŐ ŽĨ ƐĞŶƐŽƌǇ ďŽƚŚ ĚƵƌŝŶŐ ƚŚĞ 
ŶĂƚƵƌĂů ƉƌŽŐƌĞƐƐŝŽŶ ŽĨ  ƚŚĞ ĚŝƐĞĂƐĞ ĂŶĚ ĂĨƚĞƌ E& 
ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ĚƵƌŝŶŐ  ƐƉŝŶĂů  ƐŚŽĐŬ͘  ǆŽŶĂů  ŐƌŽǁƚŚ 
ǁĂƐ ĞǀĂůƵĂƚĞĚ ďǇ ĂŶĂůǇƐŝŶŐ ƚŚĞ ĞǆƉƌĞƐƐŝŽŶ ŽĨ 'W‐
ϰϯ͕  Ă  ŵĂƌŬĞƌ  ŽĨ  ĂǆŽŶĂů  ŐƌŽǁƚŚ  ;ĞŶŽǁŝƚǌ  ĂŶĚ 
ZŽƵƚƚĞŶďĞƌŐ͕  ϭϵϵϳͿ͕ ǁŚŝĐŚ  ŝŶĐƌĞĂƐĞĚ  ŽǀĞƌ  ƚŝŵĞ  ŝŶ 
ƚŚĞ ƐƵƉĞƌĨŝĐŝĂů  ůĂŵŝŶĂĞ ŽĨ  ƚŚĞ ĐŽƌĚ͕ ĂŶĚ ĐŽŶĨŝƌŵĞĚ 
ŝŶ  ĐĞůů  ĐƵůƚƵƌĞ  ĂƐƐĂǇƐ͕  ƚŚĂƚ  ĚĞŵŽŶƐƚƌĂƚĞĚ  ƚŚĂƚ 
ŶĞƵƌŝƚĞ  ŽƵƚŐƌŽǁƚŚ  ĂŶĚ  ďƌĂŶĐŚŝŶŐ  ĨŽůůŽǁĞĚ  ƚŚĞ 
ƉĂƚƚĞƌŶ ŽĨ ƐƉŝŶĂů ĞǆƉƌĞƐƐŝŽŶ ŽĨ 'W‐ϰϯ͘ dŚĞ ƌĞĂƐŽŶ 
ƵŶĚĞƌůǇŝŶŐ ƐƉƌŽƵƚŝŶŐ ŽĨ ǀŝƐĐĞƌĂů ĂĨĨĞƌĞŶƚƐ ĚƵƌŝŶŐ ƚŚĞ 
ƉƌŽŐƌĞƐƐŝŽŶ ŽĨ ƚŚĞ ĚŝƐĞĂƐĞ ŵĂǇ ďĞ ƌĞůĂƚĞĚ ǁŝƚŚ ƚŚĞ 
ƌĞƉŽƌƚĞĚ ĞůĞǀĂƚŝŽŶ ŽĨ ƐƉŝŶĂů E'&  ůĞǀĞůƐ ;^ĞŬŝ Ğƚ Ăů͕͘ 
ϮϬϬϮ͖  ƌŽǁŶ  Ğƚ  Ăů͕͘  ϮϬϬϰͿ͕  ƚŚĂƚ  ƐƚŝŵƵůĂƚĞƐ  ƚŚĞ  in 
vitro ŐƌŽǁƚŚ ŽĨ Z' ŶĞƵƌŽŶƐ ;'ĂǀĂǌǌŝ Ğƚ Ăů͕͘ ϭϵϵϵͿ͘ 
/ŶĐƌĞĂƐĞĚ ĚĞŶƐŝƚǇ ŽĨ ƐĞŶƐŽƌǇ ĂĨĨĞƌĞŶƚƐ ŵĂǇ  ůĞĂĚ ƚŽ 
ŝŶĐƌĞĂƐĞĚ ƌĞůĞĂƐĞ ŽĨ E&͕  ůĞĂĚŝŶŐ ƚŽ ĚŽǁŶƐƚƌĞĂŵ 
ĂĐƚŝǀĂƚŝŽŶ ŽĨ Z<͕ ǁŚŝĐŚ ŚĂƐ ďĞĞŶ ƉƌĞǀŝŽƵƐůǇ ůŝŶŬĞĚ 
ƚŽ ďůĂĚĚĞƌ ĚǇƐĨƵŶĐƚŝŽŶ ŝŶ ^/ ƌĂƚƐ ;ƌƵǌ Ğƚ Ăů͕͘ ϮϬϬϲͿ͘ 
Ɛ ĞǆƉĞĐƚĞĚ ;KŶĚĂƌǌĂ Ğƚ Ăů͕͘ ϮϬϬϯͿ͕ ǁĞ ŽďƐĞƌǀĞĚ ĨƵůů 
ĐŽůŽĐĂůŝǌĂƚŝŽŶ  ŽĨ  ƚŚŝƐ  ŐƌŽǁƚŚ  ŵĂƌŬĞƌ  ǁŝƚŚ  'ZW͕ 
ŝŶĚŝĐĂƚŝŶŐ  ƚŚĂƚ  ĂǆŽŶĂů  ƐƉƌŽƵƚŝŶŐ  ŽĨ  ďůĂĚĚĞƌ 
ƉĞƉƚŝĚĞƌŐŝĐ  ƐĞŶƐŽƌǇ  ĂĨĨĞƌĞŶƚƐ  ŝƐ  ƚŚĞ  ŬĞǇ  ĞǀĞŶƚ  ĨŽƌ 
ďůĂĚĚĞƌ ĚǇƐĨƵŶĐƚŝŽŶ ĂĨƚĞƌ ^/ ;ŝŶĐŬ Ğƚ Ăů͕͘ ϮϬϬϳͿ͘ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϬϵ
>ŝŬĞǁŝƐĞ͕  ƐƉƌŽƵƚŝŶŐ  ŽĨ  ƉĞƉƚŝĚĞƌŐŝĐ  ĂĨĨĞƌĞŶƚƐ 
ĂĨƚĞƌ  ĐŽŵƉůĞƚĞ  ^/  ŝƐ  ĂůƐŽ  ĂƐƐŽĐŝĂƚĞĚ  ǁŝƚŚ 
ĂƵƚŽŶŽŵŝĐ  ĚǇƐƌĞĨůĞǆŝĂ  ;<ƌĞŶǌ  ĂŶĚ tĞĂǀĞƌ͕  ϭϵϵϴ͖ 
<ƌĞŶǌ  Ğƚ  Ăů͕͘  ϭϵϵϵ͖  tĞĂǀĞƌ  Ğƚ  Ăů͕͘  ϮϬϬϭͿ  ĂƐ  Ă 
ƉŽƐŝƚŝǀĞ  ĐŽƌƌĞůĂƚŝŽŶ  ďĞƚǁĞĞŶ  ŚǇƉĞƌƚĞŶƐŝŽŶ  ĂŶĚ 
ƐƉƌŽƵƚŝŶŐ ŽĨ 'ZW‐ƉŽƐŝƚŝǀĞ ĂǆŽŶƐ ŚĂƐ ĂůƌĞĂĚǇ ďĞĞŶ 
ŝĚĞŶƚŝĨŝĞĚ ;ĂŵĞƌŽŶ Ğƚ Ăů͕͘ ϮϬϬϲͿ͘ 
Ŷ  ŝŶƚƌŝŐƵŝŶŐ  ŽďƐĞƌǀĂƚŝŽŶ  ǁĂƐ  ƚŚĂƚ  E& 
ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ĞŶŚĂŶĐĞĚ  ĂǆŽŶĂů  ŐƌŽǁƚŚ͘  In  vitro 
ƐƚƵĚŝĞƐ  ŚĂĚ  ĂůƌĞĂĚǇ  ĚŽĐƵŵĞŶƚĞĚ  ƚŚĞ  ŝŶŚŝďŝƚŽƌǇ 
ĞĨĨĞĐƚƐ  ŽĨ  E&  ŽŶ  E'&‐ĚƌŝǀĞŶ  ŶĞƵƌŝƚĞ  ŐƌŽǁƚŚ 
;'ĂǀĂǌǌŝ  Ğƚ  Ăů͕͘  ϭϵϵϵ͖  <ŝŵƉŝŶƐŬŝ  Ğƚ  Ăů͕͘  ϭϵϵϵͿ͘ 
ůƚŚŽƵŐŚ ŶŽƚ ŵĞĂƐƵƌĞĚ  ŝŶ ƚŚĞ ƉƌĞƐĞŶƚ ƐƚƵĚǇ͕  ŝƚ  ŝƐ 
ǀĞƌǇ  ůŝŬĞůǇ  ƚŚĂƚ  ŝŶ ŽƵƌ ^/ ĂŶŝŵĂůƐ  ƚŚĞ ĂŵŽƵŶƚ ŽĨ 
ƐƉŝŶĂů  E'&  ǁĂƐ  ǀĞƌǇ  ŚŝŐŚ  ĂŶĚ  ƉƌŽŵŽƚĞĚ  ĂǆŽŶĂů 
ŐƌŽǁƚŚ͕ ǁŚŝĐŚ ǁĂƐ ŵŽƌĞ ĞǆƵďĞƌĂŶƚ ĂŶĚ ŽĐĐƵƌƌĞĚ 
ĞĂƌůŝĞƌ ŝŶ ƚŚĞ ĂďƐĞŶĐĞ ŽĨ ƚŚĞ ŝŶŚŝďŝƚŽƌǇ ƉƌĞƐĞŶĐĞ ŽĨ 
E&͘ 
Molecular  mechanisms  governing  afferent 
sprouting at dorsal horns 
Ŷ  ŝŵƉŽƌƚĂŶƚ  ŝŶƚƌĂĐĞůůƵůĂƌ  ƐŝŐŶĂůůŝŶŐ  ƉĂƚŚǁĂǇ 
ŝŶǀŽůǀĞĚ  ŝŶ  ŶĞƵƌŝƚĞ  ŽƵƚŐƌŽǁƚŚ  ĂŶĚ  ĞůŽŶŐĂƚŝŽŶ  ŝƐ 
ƚŚĞ  Đ‐:ƵŶ  E‐ƚĞƌŵŝŶĂů  ŬŝŶĂƐĞ  ;:E<Ϳ  ƉĂƚŚǁĂǇ͘  dŚŝƐ 
ƐŝŐŶĂůůŝŶŐ  ĐĂƐĐĂĚĞ  ŝƐ  ŽŶĞ  ŽĨ  ƚŚĞ ŵĞŵďĞƌƐ  ŽĨ  ƚŚĞ 
ŵŝƚŽŐĞŶ‐ĂĐƚŝǀĂƚĞĚ  ƉƌŽƚĞŝŶ  ŬŝŶĂƐĞƐ  ;DW<ƐͿ  ůĂƌŐĞ 
ĨĂŵŝůǇ ŽĨ ƐŝŐŶĂůůŝŶŐ ŬŝŶĂƐĞƐ ;tŝĚŵĂŶŶ Ğƚ Ăů͕͘ ϭϵϵϵ͖ 
:ŽŚŶƐŽŶ ĂŶĚ  >ĂƉĂĚĂƚ͕ ϮϬϬϮ͖ <ƌŝƐŚŶĂ ĂŶĚ EĂƌĂŶŐ͕ 
ϮϬϬϴͿ͘  dŚĞ  ĂĐƚŝǀĞ  ĨŽƌŵ  ŽĨ  :E<  ŚĂƐ  ƚƌĂĚŝƚŝŽŶĂůůǇ 
ďĞĞŶ ůŝŶŬĞĚ ƚŽ ŶĞƵƌŽŶĂů ĚĞŐĞŶĞƌĂƚŝŽŶ ĂĨƚĞƌ ƐƚƌĞƐƐ  
Figure 9.  (A‐E) Representative photomicrographs depicting  JNK expression  in L5‐L6 spinal cord segment of spinal  intact, one week and  four 
weeks SCI animals, one week SCI animals treated with chronic TrkB‐Ig2 and four weeks SCI animals treated with chronic BDNF. Scale bar = 100 
µm. WŚŽƐƉŚŽ:E< ŝŵŵƵŶŽƌĞĂĐƚŝŽŶ ǁĂƐ ĨŽƵŶĚ ŝŶ ĚŽƌƐĂů ŚŽƌŶ͕ ƉĂƌƚŝĐƵůĂƌůǇ ŝŶ ŝŶ ůĂŵŝŶĂĞ / ĂŶĚ //͘ (F, G) Graph of bars showing the mean intensity of 
JNK expression in laminae I (F) and laminae II (G). ŶĂůǇƐŝƐ ŽĨ ƚŚĞ ŝŶƚĞŶƐŝƚǇ ŽĨ ƉŚŽƐƉŚŽ:E< ŝŵŵƵŶŽƌĞĂĐƚŝŽŶ ƐŚŽǁĞĚ Ă ƚŝŵĞ‐ĚĞƉĞŶĚĞŶƚ ŝŶĐƌĞĂƐĞ ŝŶ 
ƚŚĞ ƐƉŝŶĂů ĐŽƌĚ ŽĨ ^/ ƌĂƚƐ ĂŶĚ ŝŶ ĐŽƌĚ ƐĞĐƚŝŽŶƐ ĨƌŽŵ ϭ ǁĞĞŬ ^/ ĂŶŝŵĂůƐ ƚƌĞĂƚĞĚ ǁŝƚŚ ĐŚƌŽŶŝĐ dƌŬ‐/ŐϮ͘ dŚŝƐ ǁĂƐ ŵŽƌĞ ĞǀŝĚĞŶƚ ŝŶ ůĂŵŝŶĂƌ // ;'Ϳ ƚŚĂŶ 
ŝŶ ůĂŵŝŶĂ / ;&Ϳ ;ΎƉфϬ͘Ϭϱ ǀĞƌƐƵƐ ƐƉŝŶĂů ŝŶƚĂĐƚͿ͘ WŚŽƐƉŚŽ:E< ŝŵŵƵŶŽƌĞĂĐƚŝŽŶ ŝŶ ĐŽƌĚ ƐĞĐƚŝŽŶƐ ĨƌŽŵ ^/ ƌĂƚƐ ƚƌĞĂƚĞĚ E& ƐĞƋƵĞƐƚƌĂƚŝŽŶ ǁĂƐ ƐŝŵŝůĂƌ 
ƚŽ ƐƉŝŶĂů ŝŶƚĂĐƚ ĂŶŝŵĂůƐ͕ ĂůƚŚŽƵŐŚ ŝƚ ƚĞŶĚĞĚ ƚŽ ŝŶĐƌĞĂƐĞ͘   
ĂŶĚ  ŝŶũƵƌǇ͘ ,ŽǁĞǀĞƌ͕  ŝƚ ǁĂƐ  ƌĞĐĞŶƚůǇ  ĚĞŵŽŶƐƚƌĂƚĞĚ 
ƚŚĂƚ :E< ĂĐƚŝǀĂƚŝŽŶ ǁĂƐ ƌĞƋƵŝƌĞĚ ĨŽƌ ĂǆŽŶ ĨŽƌŵĂƚŝŽŶ 
ĂŶĚ  ŐƌŽǁƚŚ  ;KůŝǀĂ  Ğƚ  Ăů͕͘  ϮϬϬϲ͖ ĂƌŶĂƚ  Ğƚ  Ăů͕͘  ϮϬϭϬ͖ 
ƚŬŝŶƐŽŶ Ğƚ Ăů͕͘ ϮϬϭϭͿ͕ ƚŽ ƐƚĂďŝůŝǌĞ ĂŶĚ ŵŽĚƵůĂƚĞ ƚŚĞ 
ŵŝĐƌŽƚƵďƵůĞ  ĚǇŶĂŵŝĐƐ  Ăƚ  ƚŚĞ  ŐƌŽǁƚŚ  ĐŽŶĞ  ĂŶĚ 
ŶĞƵƌŝƚĞ  ƚŝƉƐ  ;ĂƌŶĂƚ  Ğƚ  Ăů͕͘  ϮϬϭϬͿ͘  ĐĐŽƌĚŝŶŐůǇ͕  ǁĞ 
ĨŽƵŶĚ  ƐƚƌŽŶŐĞƌ  ĞǆƉƌĞƐƐŝŽŶ  ŽĨ  ƉŚŽƐƉŚŽ:E<  ŝŶ  ƚŚĞ 
ĞǆƉĞƌŝŵĞŶƚĂů ŐƌŽƵƉƐ  ŝŶ ǁŚŝĐŚ ĂǆŽŶĂů  ƐƉƌŽƵƚŝŶŐ ǁĂƐ 
ŵŽƌĞ ƉƌŽŶŽƵŶĐĞĚ͘ dŚŝƐ  ŝƐ  ƚŚĞ  ƐƉŝŶĂů  ůŽĐĂƚŝŽŶ ǁŚĞƌĞ 
'W‐ϰϯ  ŝŵŵƵŶŽƌĞĂĐƚŝǀŝƚǇ  ǁĂƐ  ĂůƐŽ  ƐƚƌŽŶŐĞƌ͕ 
ĐŽƌƌĞƐƉŽŶĚŝŶŐ  ƚŽ  ƚŚĞ  ĂƌĞĂƐ ŽĨ  ƐƉƌŽƵƚŝŶŐ ŽĨ ďůĂĚĚĞƌ 
ƐĞŶƐŽƌǇ  ĂĨĨĞƌĞŶƚƐ͘  /ŶƚĞƌĞƐƚŝŶŐůǇ͕  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  ŽĨ 
E&  ĂůƐŽ  ƉƌŽŵŽƚĞĚ  ŶĞƵƌŽŶĂů  ƐƉƌŽƵƚŝŶŐ͕  ĂůďĞŝƚ 
ďƌĂŶĐŚŝŶŐ  ĨŽůůŽǁĞĚ  Ă  ĚŝĨĨĞƌĞŶƚ  ƉĂƚƚĞƌŶ͕  ǁŝƚŚ ŵŽƌĞ 
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^t  ;ϭϵϵϵͿ  ƌĂŝŶ‐ĚĞƌŝǀĞĚ  ŶĞƵƌŽƚƌŽƉŚŝĐ  ĨĂĐƚŽƌ 
ŵŽĚƵůĂƚĞƐ ŶŽĐŝĐĞƉƚŝǀĞ ƐĞŶƐŽƌǇ ŝŶƉƵƚƐ ĂŶĚ ED
‐ĞǀŽŬĞĚ ƌĞƐƉŽŶƐĞƐ ŝŶ ƚŚĞ ƌĂƚ ƐƉŝŶĂů ĐŽƌĚ͘ : EĞƵƌŽ‐
ƐĐŝ ϭϵ͗ϱϭϯϴ‐ϱϭϰϴ͘ 
<ŝŵƉŝŶƐŬŝ <͕ :ĞůŝŶƐŬŝ ^͕ DĞĂƌŽǁ < ;ϭϵϵϵͿ dŚĞ ĂŶƚŝ‐Ɖϳϱ ĂŶƚŝ‐
ďŽĚǇ͕  DϭϵϮ͕  ĂŶĚ  ďƌĂŝŶ‐ĚĞƌŝǀĞĚ  ŶĞƵƌŽƚƌŽƉŚŝĐ 
ĨĂĐƚŽƌ  ŝŶŚŝďŝƚ  ŶĞƌǀĞ  ŐƌŽǁƚŚ  ĨĂĐƚŽƌ‐ĚĞƉĞŶĚĞŶƚ 
ŶĞƵƌŝƚĞ ŐƌŽǁƚŚ ĨƌŽŵ ĂĚƵůƚ ƐĞŶƐŽƌǇ ŶĞƵƌŽŶƐ͘ EĞƵ‐
ƌŽƐĐŝĞŶĐĞ ϵϯ͗Ϯϱϯ‐Ϯϲϯ͘ 
<ƌĞŶǌ EZ͕ tĞĂǀĞƌ > ;ϭϵϵϴͿ ^ƉƌŽƵƚŝŶŐ ŽĨ ƉƌŝŵĂƌǇ ĂĨĨĞƌĞŶƚ 
ĨŝďĞƌƐ  ĂĨƚĞƌ  ƐƉŝŶĂů  ĐŽƌĚ  ƚƌĂŶƐĞĐƚŝŽŶ  ŝŶ  ƚŚĞ  ƌĂƚ͘ 
EĞƵƌŽƐĐŝĞŶĐĞ ϴϱ͗ϰϰϯ‐ϰϱϴ͘ 
<ƌĞŶǌ EZ͕ DĞĂŬŝŶ ^K͕ <ƌĂƐƐŝŽƵŬŽǀ s͕ tĞĂǀĞƌ >  ;ϭϵϵϵͿ 
EĞƵƚƌĂůŝǌŝŶŐ  ŝŶƚƌĂƐƉŝŶĂů  ŶĞƌǀĞ  ŐƌŽǁƚŚ  ĨĂĐƚŽƌ 
ďůŽĐŬƐ  ĂƵƚŽŶŽŵŝĐ  ĚǇƐƌĞĨůĞǆŝĂ  ĐĂƵƐĞĚ  ďǇ  ƐƉŝŶĂů 
ĐŽƌĚ ŝŶũƵƌǇ͘ : EĞƵƌŽƐĐŝ ϭϵ͗ϳϰϬϱ‐ϳϰϭϰ͘ 
<ƌŝƐŚŶĂ D͕ EĂƌĂŶŐ ,  ;ϮϬϬϴͿ dŚĞ  ĐŽŵƉůĞǆŝƚǇ ŽĨ ŵŝƚŽŐĞŶ‐
ĂĐƚŝǀĂƚĞĚ ƉƌŽƚĞŝŶ ŬŝŶĂƐĞƐ  ;DW<ƐͿ ŵĂĚĞ  ƐŝŵƉůĞ͘ 
ĞůůƵůĂƌ  ĂŶĚ  ŵŽůĞĐƵůĂƌ  ůŝĨĞ  ƐĐŝĞŶĐĞƐ  ͗  D>^ 
ϲϱ͗ϯϱϮϱ‐ϯϱϰϰ͘ 
<Ƶ :, ;ϮϬϬϲͿ dŚĞ ŵĂŶĂŐĞŵĞŶƚ ŽĨ ŶĞƵƌŽŐĞŶŝĐ ďůĂĚĚĞƌ ĂŶĚ 
ƋƵĂůŝƚǇ ŽĨ ůŝĨĞ ŝŶ ƐƉŝŶĂů ĐŽƌĚ ŝŶũƵƌǇ͘ :h /Ŷƚ ϵϴ͗ϳϯϵ‐
ϳϰϱ͘ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϭϭ
>ĞǀĞƌ  /͕  ƵŶŶŝŶŐŚĂŵ  :͕  'ƌŝƐƚ  :͕  zŝƉ  W<͕ DĂůĐĂŶŐŝŽ D 
;ϮϬϬϯĂͿ ZĞůĞĂƐĞ ŽĨ E& ĂŶĚ ' ŝŶ ƚŚĞ ĚŽƌ‐
ƐĂů  ŚŽƌŶ  ŽĨ  ŶĞƵƌŽƉĂƚŚŝĐ  ƌĂƚƐ͘  dŚĞ  ƵƌŽƉĞĂŶ 
ũŽƵƌŶĂů ŽĨ ŶĞƵƌŽƐĐŝĞŶĐĞ ϭϴ͗ϭϭϲϵ‐ϭϭϳϰ͘ 
>ĞǀĞƌ  /:͕ WĞǌĞƚ  ^͕ DĐDĂŚŽŶ  ^͕ DĂůĐĂŶŐŝŽ D  ;ϮϬϬϯďͿ 
dŚĞ  ƐŝŐŶĂůŝŶŐ  ĐŽŵƉŽŶĞŶƚƐ  ŽĨ  ƐĞŶƐŽƌǇ  ĨŝďĞƌ 
ƚƌĂŶƐŵŝƐƐŝŽŶ  ŝŶǀŽůǀĞĚ  ŝŶ ƚŚĞ ĂĐƚŝǀĂƚŝŽŶ ŽĨ Z< 
DW ŬŝŶĂƐĞ ŝŶ ƚŚĞ ŵŽƵƐĞ ĚŽƌƐĂů ŚŽƌŶ͘ DŽůĞĐƵ‐
ůĂƌ ĂŶĚ ĐĞůůƵůĂƌ ŶĞƵƌŽƐĐŝĞŶĐĞƐ Ϯϰ͗Ϯϱϵ‐ϮϳϬ͘ 
DĞƌŝŐŚŝ  ͕  ĂƌŵŝŐŶŽƚŽ  '͕  'ŽďďŽ  ^͕  >ŽƐƐŝ  >͕  ^ĂůŝŽ  ͕ 
sĞƌŐŶĂŶŽ D͕ ŽŶƚĂ D  ;ϮϬϬϰͿ EĞƵƌŽƚƌŽƉŚŝŶƐ 
ŝŶ  ƐƉŝŶĂů  ĐŽƌĚ ŶŽĐŝĐĞƉƚŝǀĞ ƉĂƚŚǁĂǇƐ͘ WƌŽŐƌĞƐƐ 
ŝŶ ďƌĂŝŶ ƌĞƐĞĂƌĐŚ ϭϰϲ͗Ϯϵϭ‐ϯϮϭ͘ 
DĞƌŝŐŚŝ ͕ ^ĂůŝŽ ͕ 'Śŝƌƌŝ ͕ >ŽƐƐŝ >͕ &ĞƌƌŝŶŝ &͕ ĞƚĞůůŝ ͕ 
ĂƌĚŽŶŝ  Z  ;ϮϬϬϴͿ  E&  ĂƐ  Ă  ƉĂŝŶ ŵŽĚƵůĂƚŽƌ͘ 
WƌŽŐƌĞƐƐ ŝŶ ŶĞƵƌŽďŝŽůŽŐǇ ϴϱ͗Ϯϵϳ‐ϯϭϳ͘ 
DŝǇĂǌĂƚŽ D͕ ^ĂƐĂƚŽŵŝ <͕ ,ŝƌĂŐĂƚĂ ^͕ ^ƵŐĂǇĂ <͕ ŚĂŶĐĞů‐
ůŽƌ D͕ ĚĞ 'ƌŽĂƚ t͕ zŽƐŚŝŵƵƌĂ E ;ϮϬϬϴͿ ^ƵƉ‐
ƉƌĞƐƐŝŽŶ  ŽĨ  ĚĞƚƌƵƐŽƌ‐ƐƉŚŝŶĐƚĞƌ  ĚǇƐǇŶĞƌŐŝĂ  ďǇ 
'‐ƌĞĐĞƉƚŽƌ  ĂĐƚŝǀĂƚŝŽŶ  ŝŶ  ƚŚĞ  ůƵŵďŽƐĂĐƌĂů 
ƐƉŝŶĂů  ĐŽƌĚ  ŝŶ  ƐƉŝŶĂů  ĐŽƌĚ‐ŝŶũƵƌĞĚ  ƌĂƚƐ͘  ŵ  : 
WŚǇƐŝŽů  ZĞŐƵů  /ŶƚĞŐƌ  ŽŵƉ  WŚǇƐŝŽů  Ϯϵϱ͗Zϯϯϲ‐
ϯϰϮ͘ 
DŝǇĂǌĂƚŽ D͕  ^ƵŐĂǇĂ  <͕  'ŽŝŶƐ t&͕ tŽůĨĞ  ͕  'ŽƐƐ  :Z͕ 
ŚĂŶĐĞůůŽƌ D͕ ĚĞ 'ƌŽĂƚ t͕ 'ůŽƌŝŽƐŽ  :͕ zŽ‐
ƐŚŝŵƵƌĂ E ;ϮϬϬϵͿ ,ĞƌƉĞƐ ƐŝŵƉůĞǆ ǀŝƌƵƐ ǀĞĐƚŽƌ‐
ŵĞĚŝĂƚĞĚ ŐĞŶĞ ĚĞůŝǀĞƌǇ ŽĨ ŐůƵƚĂŵŝĐ ĂĐŝĚ ĚĞĐĂƌ‐
ďŽǆǇůĂƐĞ  ƌĞĚƵĐĞƐ ĚĞƚƌƵƐŽƌ ŽǀĞƌĂĐƚŝǀŝƚǇ  ŝŶ  ƐƉŝ‐
ŶĂů ĐŽƌĚ‐ŝŶũƵƌĞĚ ƌĂƚƐ͘ 'ĞŶĞ dŚĞƌ ϭϲ͗ϲϲϬ‐ϲϲϴ͘ 
EĂǇůŽƌ Z>͕ ZŽďĞƌƚƐŽŶ '͕ ůůĞŶ ^:͕ ^ĞƐƐŝŽŶƐ Z͕ ůĂƌŬĞ 
Z͕ DĂƐŽŶ  ''͕  ƵƌƐƚŽŶ  ::͕  dǇůĞƌ  ^:͕ tŝůĐŽĐŬ 
'<͕  ĂǁďĂƌŶ    ;ϮϬϬϮͿ    ĚŝƐĐƌĞƚĞ  ĚŽŵĂŝŶ  ŽĨ 
ƚŚĞ ŚƵŵĂŶ dƌŬ  ƌĞĐĞƉƚŽƌ ĚĞĨŝŶĞƐ  ƚŚĞ ďŝŶĚŝŶŐ 
ƐŝƚĞƐ ĨŽƌ E& ĂŶĚ Ed‐ϰ͘ ŝŽĐŚĞŵ ŝŽƉŚǇƐ ZĞƐ 
ŽŵŵƵŶ Ϯϵϭ͗ϱϬϭ‐ϱϬϳ͘ 
KůŝǀĂ ͕ :ƌ͕͘ ƚŬŝŶƐ D͕ ŽƉĞŶĂŐůĞ >͕ ĂŶŬĞƌ ' ;ϮϬϬϲͿ 
ĐƚŝǀĂƚĞĚ  Đ‐:ƵŶ E‐ƚĞƌŵŝŶĂů  ŬŝŶĂƐĞ  ŝƐ  ƌĞƋƵŝƌĞĚ 
ĨŽƌ ĂǆŽŶ ĨŽƌŵĂƚŝŽŶ͘ : EĞƵƌŽƐĐŝ Ϯϲ͗ϵϰϲϮ‐ϵϰϳϬ͘ 
KŶĚĂƌǌĂ  ͕  zĞ  ͕  ,ƵůƐĞďŽƐĐŚ    ;ϮϬϬϯͿ  ŝƌĞĐƚ  Ğǀŝ‐
ĚĞŶĐĞ ŽĨ ƉƌŝŵĂƌǇ ĂĨĨĞƌĞŶƚ ƐƉƌŽƵƚŝŶŐ  ŝŶ ĚŝƐƚĂŶƚ 
ƐĞŐŵĞŶƚƐ  ĨŽůůŽǁŝŶŐ  ƐƉŝŶĂů  ĐŽƌĚ  ŝŶũƵƌǇ  ŝŶ  ƚŚĞ 
ƌĂƚ͗  ĐŽůŽĐĂůŝǌĂƚŝŽŶ  ŽĨ  'W‐ϰϯ  ĂŶĚ  'ZW͘  ǆƉ 
EĞƵƌŽů ϭϴϰ͗ϯϳϯ‐ϯϴϬ͘ 
WĞǌĞƚ ^͕ DĐDĂŚŽŶ ^ ;ϮϬϬϲͿ EĞƵƌŽƚƌŽƉŚŝŶƐ͗ ŵĞĚŝĂƚŽƌƐ 
ĂŶĚ ŵŽĚƵůĂƚŽƌƐ  ŽĨ  ƉĂŝŶ͘  ŶŶƵ  ZĞǀ  EĞƵƌŽƐĐŝ 
Ϯϵ͗ϱϬϳ‐ϱϯϴ͘ 
WĞǌĞƚ ^͕ ƵŶŶŝŶŐŚĂŵ :͕ WĂƚĞů :͕ 'ƌŝƐƚ :͕ 'ĂǀĂǌǌŝ  /͕ >ĞǀĞƌ 
/:͕ DĂůĐĂŶŐŝŽ D ;ϮϬϬϮĂͿ E& ŵŽĚƵůĂƚĞƐ ƐĞŶ‐
ƐŽƌǇ ŶĞƵƌŽŶ  ƐǇŶĂƉƚŝĐ  ĂĐƚŝǀŝƚǇ ďǇ  Ă  ĨĂĐŝůŝƚĂƚŝŽŶ 
ŽĨ '  ƚƌĂŶƐŵŝƐƐŝŽŶ  ŝŶ  ƚŚĞ ĚŽƌƐĂů ŚŽƌŶ͘ DŽů 
Ğůů EĞƵƌŽƐĐŝ Ϯϭ͗ϱϭ‐ϲϮ͘ 
WĞǌĞƚ ^͕ DĂůĐĂŶŐŝŽ D͕ >ĞǀĞƌ  /:͕ WĞƌŬŝŶƚŽŶ D^͕ dŚŽŵƉ‐
ƐŽŶ  ^t͕  tŝůůŝĂŵƐ  Z:͕  DĐDĂŚŽŶ  ^  ;ϮϬϬϮďͿ 
EŽǆŝŽƵƐ  ƐƚŝŵƵůĂƚŝŽŶ  ŝŶĚƵĐĞƐ dƌŬ  ƌĞĐĞƉƚŽƌ ĂŶĚ 
ĚŽǁŶƐƚƌĞĂŵ  Z<  ƉŚŽƐƉŚŽƌǇůĂƚŝŽŶ  ŝŶ  ƐƉŝŶĂů 
ĚŽƌƐĂů  ŚŽƌŶ͘ DŽůĞĐƵůĂƌ  ĂŶĚ  ĐĞůůƵůĂƌ  ŶĞƵƌŽƐĐŝ‐
ĞŶĐĞƐ Ϯϭ͗ϲϴϰ‐ϲϵϱ͘ 
ZĂďĐŚĞǀƐŬǇ ' ;ϮϬϬϲͿ ^ĞŐŵĞŶƚĂů ŽƌŐĂŶŝǌĂƚŝŽŶ ŽĨ ƐƉŝŶĂů 
ƌĞĨůĞǆĞƐ ŵĞĚŝĂƚŝŶŐ ĂƵƚŽŶŽŵŝĐ ĚǇƐƌĞĨůĞǆŝĂ ĂĨƚĞƌ  
ƐƉŝŶĂů ĐŽƌĚ ŝŶũƵƌǇ͘ WƌŽŐ ƌĂŝŶ ZĞƐ ϭϱϮ͗Ϯϲϱ‐Ϯϳϰ͘ 
ZĂŵĞƌ  >D͕ DĐWŚĂŝů  >d͕ ŽƌŝƐŽĨĨ  :&͕ ^Žƌŝů  >:͕ <ĂĂŶ d<͕  >ĞĞ 
:,͕  ^ĂƵŶĚĞƌƐ  :t͕ ,ǁŝ  >W͕  ZĂŵĞƌ D^  ;ϮϬϬϳͿ  Ŷ‐
ĚŽŐĞŶŽƵƐ dƌŬ ůŝŐĂŶĚƐ ƐƵƉƉƌĞƐƐ ĨƵŶĐƚŝŽŶĂů ŵĞĐŚ‐
ĂŶŽƐĞŶƐŽƌǇ  ƉůĂƐƚŝĐŝƚǇ  ŝŶ  ƚŚĞ  ĚĞĂĨĨĞƌĞŶƚĞĚ  ƐƉŝŶĂů 
ĐŽƌĚ͘ : EĞƵƌŽƐĐŝ Ϯϳ͗ϱϴϭϮ‐ϱϴϮϮ͘ 
^ĂůŝŽ ͕ ǀĞƌŝůů ^͕ WƌŝĞƐƚůĞǇ :s͕ DĞƌŝŐŚŝ  ;ϮϬϬϳͿ ŽƐƚŽƌĂŐĞ 
ŽĨ  E&  ĂŶĚ  ŶĞƵƌŽƉĞƉƚŝĚĞƐ  ǁŝƚŚŝŶ  ŝŶĚŝǀŝĚƵĂů 
ĚĞŶƐĞ‐ĐŽƌĞ ǀĞƐŝĐůĞƐ ŝŶ ĐĞŶƚƌĂů ĂŶĚ ƉĞƌŝƉŚĞƌĂů ŶĞƵ‐
ƌŽŶƐ͘ ĞǀĞůŽƉŵĞŶƚĂů ŶĞƵƌŽďŝŽůŽŐǇ ϲϳ͗ϯϮϲ‐ϯϯϴ͘ 
^ĂƐĂŬŝ <͕ ŚĂŶĐĞůůŽƌ D͕ WŚĞůĂŶ Dt͕ zŽŬŽǇĂŵĂ d͕ &ƌĂƐĞƌ 
DK͕ ^ĞŬŝ ^͕ <ƵďŽ <͕ <ƵŵŽŶ ,͕ 'ƌŽĂƚ t͕ zŽƐŚŝ‐
ŵƵƌĂ  E  ;ϮϬϬϮͿ  ŝĂďĞƚŝĐ  ĐǇƐƚŽƉĂƚŚǇ  ĐŽƌƌĞůĂƚĞƐ 
ǁŝƚŚ Ă ůŽŶŐ‐ƚĞƌŵ ĚĞĐƌĞĂƐĞ ŝŶ ŶĞƌǀĞ ŐƌŽǁƚŚ ĨĂĐƚŽƌ 
ůĞǀĞůƐ ŝŶ ƚŚĞ ďůĂĚĚĞƌ ĂŶĚ ůƵŵďŽƐĂĐƌĂů ĚŽƌƐĂů ƌŽŽƚ 
'ĂŶŐůŝĂ͘ : hƌŽů ϭϲϴ͗ϭϮϱϵ‐ϭϮϲϰ͘ 
^ĐŚŵŝƚǌ ^<͕ ,ũŽƌƚŚ  ::͕  :ŽĞŵĂŝ ZD͕ tŝũŶƚũĞƐ Z͕ ŝũŐĞŶƌĂĂŵ 
^͕ ĚĞ ƌƵŝũŶ W͕ 'ĞŽƌŐŝŽƵ ͕ ĚĞ :ŽŶŐ W͕ ǀĂŶ KŽǇĞŶ 
͕  sĞƌŚĂŐĞ D͕  ŽƌŶĞůŝƐƐĞ  >E͕  dŽŽŶĞŶ  Z&͕  sĞůĚ‐
ŬĂŵƉ t: ;ϮϬϭϭͿ ƵƚŽŵĂƚĞĚ ĂŶĂůǇƐŝƐ ŽĨ ŶĞƵƌŽŶĂů 
ŵŽƌƉŚŽůŽŐǇ͕  ƐǇŶĂƉƐĞ  ŶƵŵďĞƌ  ĂŶĚ  ƐǇŶĂƉƚŝĐ  ƌĞ‐
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 What ’ s known on the subject? and What does the study add? 
 The interaction between the TRPV1 and NGF systems has been addressed only in the 
context of acute somatic pain. The present study expands this view and indicates that 
this interaction remains operative and is important as a mechanism for chronic visceral 
pain and dysfunction. Moreover, it further stresses the need to develop more specifi c 
and effective TRPV1 antagonists for clinical use. 
 OBJECTIVES 
 •  To explore the role of transient 
receptor potential vanilloid 1 (TRPV1) 
in the excitatory effects of chronic 
administration of nerve growth factor 
(NGF) on bladder-generated sensory input 
and refl ex activity. 
 •  To explore new therapeutic targets for 
bladder dysfunction. 
 MATERIALS AND METHODS 
 •  Wild-type (WT) and TRPV1 knockout (KO) 
mice received daily intraperitoneal 
injections of NGF (1  μ g/10  g) or saline for 
a period of 4 days, during which time 
thermal sensitivity was evaluated daily. On 
the 5th day, mice were anaesthetized and 
cystometries were performed. The 
frequency, amplitude and area under the 
curve (AUC) of bladder refl ex contractions 
were determined. 
 •  c-Fos expression was evaluated on L6 
spinal cord sections of WT and TRPV1 KO 
mice treated with saline or chronic NGF by 
immunohistochemistry. 
 •  TrkA receptor staining intensity was 
determined in L6 spinal cord sections and 
respective dorsal root ganglia of WT and 
TRPV1 KO mice. 
 RESULTS 
 •  Repeated administration of NGF induced 
thermal hypersensitivity in WT but not in 
TRPV1 KO mice. 
 •  The frequency of bladder contractions of 
saline-treated WT and TRPV1 KO mice was 
similar, the values respectively being 0.45  ± 
0.12/min and 0.46  ± 0.16/min. Treatment 
with NGF enhanced bladder refl ex activity 
in WT mice to 1.23  ± 0.41/min ( P  < 0.05). 
In NGF-treated KO mice, the frequency of 
bladder contractions was 0.60  ± 0.05/min. 
Irrespective of treatment, no differences 
were observed in the amplitude of bladder 
contractions of WT and TRPV1 KO mice. 
The AUC was signifi cantly increased in 
NGF-treated WT-mice, when compared 
with saline-treated WT-mice. No changes 
were found in AUC of saline-treated and 
NGF-treated TRPV1 KO mice. 
 •  Chronic administration of NGF resulted 
in a signifi cant increase of spinal c-Fos 
expression in WT mice ( P  < 0.05 vs KO 
animals), but not in TRPV1 KO animals. 
 •  TrkA expression was similar in WT and 
TRPV1 KO mice. 
 CONCLUSIONS 
 •  NGF-induced bladder overactivity and 
noxious input depend on the interaction of 
NGF with TRPV1. 
 •  The lack of bladder overactivity in TRPV1 
KO mice treated with NGF does not 
represent loss of TrkA expression. 
 •  TRPV1 is essential for NGF-driven 
bladder dysfunction and represents a 
bottleneck target in bladder pathologies 
associated with NGF up-regulation. 
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 INTRODUCTION 
 Transient receptor potential vanilloid (TRPV1) 
is a transmembrane ion channel. It is not 
essential for physiological bladder function 
in healthy animals as TRPV1 knockout (KO) 
mice exhibit normal or near-normal bladder 
activity  [ 1 ] . In contrast, TRPV1 is essential 
for detrusor overactivity and increased 
voiding frequency accompanying acute and 
chronic cystitis in rodents  [ 1 ] . In overactive 
bladder syndrome and interstitial 
cystitis/bladder pain syndrome TRPV1 
overexpression has been described in the 
bladder wall, both in urothelial cells and in 
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suburothelial nerve fi bres  [ 2,3 ] . The 
expression of neuronal TRPV1 correlates 
with the intensity of bladder pain  [ 2 ] 
whereas the intensity of TRPV1 in the 
urothelium of patients with sensory urgency 
inversely correlates with the volume of urine 
associated with the fi rst desire to void  [ 4 ] . 
 Nerve growth factor (NGF) is a tissue-
derived neurotrophin essential for the 
survival and differentiation of sensory 
neurons  [ 5 ] , which acts through the tyrosine 
kinase receptor TrkA  [ 6 ] . It is acutely 
released after an infl ammatory insult and 
signifi cantly contributes to the swift 
modifi cation of the pain threshold and 
visceral activity  [ 7 ] . NGF has also been 
considered to be suffi cient to elicit 
cutaneous hyperalgesia  [ 8 ] . Exogenous 
administration of NGF induces detrusor 
overactivity in naive rats  [ 9,10 ] , as well as 
up-regulating the expression of spinal c-Fos 
and the fi ring of bladder nociceptive fi bres 
 [ 9,11 ] , in agreement with the strong 
expression of TrkA receptors by bladder 
sensory afferents  [ 6 ] . 
 The identifi cation of downstream effectors 
of NGF-induced effects has only recently 
become a focus of systematic research. In 
this context, TRPV1 was found to be 
essential for the development of thermal 
hyperalgesia after acute administration of 
NGF  [ 12 ] . In mice that received intraplantar 
NGF, the latency of paw withdrawal to a 
noxious thermal stimulus, an indication of 
thermal hyperalgesia, was substantially 
decreased in wild-type (WT) mice but not in 
TRPV1 KO mice  [ 12 ] . In this study we 
evaluated if the interplay between NGF and 
TRPV1, important for somatic pain, is also 
present in NGF-mediated bladder 
overactivity and noxious input. 
 MATERIALS AND METHODS 
 TRPV1 KO female mice from The Jackson 
Laboratory (Bar Harbor, ME, USA) and WT 
female mice belonging to the same strain 
(C57BL/6;  n  = 6/group) from the Instituto de 
Biologia Molecular e Celular colony (Porto, 
Portugal) with an average weight of 25  g 
were used. Animals were maintained in the 
animal house at 22  ° C and 60% humidity 
under a 12-h light/dark cycle. All 
experiments were carried out according to 
the European Commission Directive of 22 
September 2010 (2010/63/EU) and the 
ethical guidelines for investigation of 
experimental pain in animals  [ 13 ] . All efforts 
were made to reduce the number of animals 
used. 
 The NGF was purchased from Promega 
(Madison, WI, USA). The antibody against 
TrkA receptor, made in rabbit, was purchased 
from Millipore, Watford, UK. The antibody 
against c-Fos, made in rabbit, came from 
Millipore, Watford, UK. Biotin-conjugated 
swine anti-rabbit antibody came from 
Dakopatts A/5 (Copenhagen, Denmark). The 
ABC Vectastain Elite kit (ABC, avidin – biotin 
complex) and the conjugate horseradish 
peroxidase were purchased from Vector 
Laboratories (Peterborough, UK). Antibodies 
and the ABC complex were prepared in PBS 
0.1  M containing 0.3% Triton X-100 (PBST). 
For cystometry and terminal handling, mice 
received a subcutaneous bolus of urethane 
(1.2  g/kg) as anaesthetic. 
 The NGF was given as a daily intraperitoneal 
injection (1  μ g/10  g) for 4 days. The dose of 
NGF was chosen according to previous 
studies  [ 14 ] . Sterile saline was given as a 
control. In addition, because NGF is known 
to induce thermal hyperalgesia in WT 
animals  [ 12 ] , the effects of repeated NGF 
administration on thermal sensitivity were 
evaluated daily (see below) to assure the 
biological action of NGF. On day 5, mice 
were anaesthetized and cystometry was 
performed, after which animals were 
perfusion-fi xed and the L6 spinal cord 
segment was collected for c-Fos assessment. 
 The hot-plate test was used to measure the 
response latencies to thermal noxious 
stimuli. Hence, NGF-injected TRPV1 KO and 
WT mice were placed in individual chambers 
(10  × 20  × 14  cm) and allowed to acclimate 
for 5  min. Latencies were determined before 
and 4  h after each NGF injection. For that, 
animals were placed on the hot-plate 
apparatus (Series 8, model PE34, IITC Life 
Sciences, Woodland Hills, CA, USA). The 
platform was maintained at 35.0  ± 0.1  ° C 
and temperature was increased up to 
52.5  ° C. The time spent between placement 
of the animal on the platform and positive 
behavioural responses (jumping on the 
platform and/or licking of the hindpaws) 
was registered as the response latency. 
 To assess bladder function, cystometry was 
performed in TRPV1 KO and WT mice treated 
with saline or NGF on day 5 ( n  = 6). 
Anaesthesia was induced by a subcutaneous 
injection of urethane and body temperature 
was maintained at 37  ° C with a heating 
pad. The urinary bladder was exposed 
through an incision in the lower abdomen. 
A 25-gauge needle was inserted in the 
bladder dome and the urethra remained 
unobstructed throughout the recording 
period while saline was infused at a 
constant rate (1.6  mL/h). The frequency, 
amplitude of bladder contractions and area 
under the curve (AUC) were then measured 
for a period of 90  min. In all experiments, 
recordings were made after a 30-min 
stabilization period. 
 After cystometry, animals were perfused 
through the ascending aorta with cold 
oxygenated calcium-free Tyrode ’ s solution 
(0.12  M NaCl, 5.4  m M KCl, 1.6  m M 
MgCl 2 .6H 2 O, 0.4  m M MgSO 4 .7H 2 O, 1.2  m M 
NaH 2 PO 4 .H 2 O, 5.5  m M glucose, 26.2  m M 
NaHCO 3 ), followed by cold 4% 
paraformaldehyde. The L6 spinal cord 
segments were post-fi xed for 4  h in the 
same fi xative solution and cryoprotected for 
24  h in 30% sucrose with 0.1% sodium 
azide in 0.1  M phosphate buffer. Transverse 
20- μ m sections from the spinal cord were 
cut in the freezing microtome and stored in 
cryoprotective solution at  − 20  ° C until 
further processing. When all material was 
collected and cut, every second spinal 
section from each animal was thawed and 
immunoreacted against c-Fos to evaluate 
the expression of c-Fos. Briefl y, after 
inhibition of endogenous peroxidase activity 
and thorough washes in PBS and PBST, 
sections were incubated in 10% normal 
swine serum in PBST for 2  h. Sections were 
then incubated for 48  h at 4  ° C with a 
specifi c antibody against c-Fos (1:10  000). 
Subsequently, sections were washed and 
incubated with polyclonal swine anti-rabbit 
biotin-conjugated antibody (1:200). To 
visualize the immunoreaction, the ABC 
conjugated with peroxidase (1:200) method 
was used with 3,3 ′ -diaminobenzidine 
tetrahydrochloride as chromogen (DAB; 
5  min in 0.05  M Tris – HCl buffer, pH 7.4 
containing 0.05% DAB and 0.003% 
hydrogen peroxide). Sections were mounted 
on gelatine-coated slides and air-dried for 
12  h, cleared in xylene, mounted with  Eukitt 
mounting medium and cover-slipped. 
 For analysis of TrkA expression the WT and 
TRPV1 KO mice ( n  = 4 per group) were 
perfusion-fi xed with calcium-free Tyrode ’ s 
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solution followed by 4% paraformaldehyde. 
The L6 spinal cord segment and respective 
dorsal root ganglion (DRG) were collected. 
Transverse 20- μ m sections of spinal cord 
sections were cut in the freezing microtome 
and stored in cryoprotective solution at 
 − 20  ° C. Longitudinal 12- μ m sections of L6 
DRG were cut in the cryostat and stored at 
 − 20  ° C. When all material was collected, 
sections were removed from the freezer and 
processed for TrkA immunoreaction, as 
described above for c-Fos expression. The 
antibody against TrkA was used at 1:1000 
dilution. 
 Cystometrograms were evaluated using 
D ATA T RAX software (Vs. 1.804; World 
Precision Instruments, Sarasota, FL, USA). 
The frequencies, amplitudes of bladder 
contractions and AUC were analysed using 
Kruskal – Wallis one-way repeated measures 
 ANOVA . Data are presented as mean value  ± 
 SD and  P  < 0.05 was considered signifi cant. 
Statistical analysis was performed with 
S IGMA S TAT 3.5 software. 
 The number of c-Fos immunoreactive nuclei 
was counted in 10 non-consecutive sections 
from each animal and averaged. Statistical 
analysis was performed using  ANOVA 
followed by the Student – Newman – Keuls 
post-hoc test, using the S IGMA S TAT 3.5 
software. 
 Quantifi cation of the TrkA staining intensity 
was done with F IJI software (based on 
I MAGE J,  http://rsb.info.nih.gov/ij Java 
1.6.0 _ 20, 32 bit). The intensity of staining 
was averaged from sections per animal 
(DRG and spinal cord) and a reference 
intensity of unstained tissue was also 
measured by a fourth box on all sections. 
Background intensity was deducted from 
the average intensity to calculate the mean 
net staining intensity. The intensity of TrkA 
staining in WT mice treated with saline was 
used as control. Data were analysed by 
one-way  ANOVA followed by the Student –
 Newman – Keuls post-hoc test. The data are 
presented as mean value  ±  SD and  P  < 0.05 
was considered signifi cant. Statistical 
analysis was carried out using the G RAPH P AD 
P RISM software. 
 RESULTS 
 Daily intraperitoneal NGF injections 
signifi cantly reduced thermal latency in the 
hot-plate test in WT mice from the day 2 
onwards ( Fig.  1 ). The baseline temperature at 
which WT animals presented nocifensive 
behaviour (jumping on the platform and/or 
licking of the hindpaws) was 45.9  ± 0.9  ° C 
and was not changed by saline treatment 
( Fig.  1 ). In contrast, in WT animals the 
thermal latencies after each NGF injection 
were signifi cantly decreased to 45.6  ± 
0.7  ° C, 43.9  ± 1.1  ° C, 44.8  ± 0.6  ° C and 44.9 
 ± 0.4  ° C, respectively at days 1, 2, 3 and 4, 
respectively ( P  < 0.001 vs TRPV1 KO mice at 
all time points;  Fig.  1 ). In TRPV1 KO mice the 
baseline latency was 46.4  ± 0.6  ° C and was 
not changed after intraperitoneal saline 
injections. The temperatures registered in 
KO mice receiving NGF were 45.5  ± 1.1  ° C, 
46.6  ± 0.9  ° C, 46.8  ± 0.9  ° C and 47.1  ± 
1.3  ° C at days 1, 2, 3 and 4, respectively 
( Fig.  1 ), and were not different from baseline 
values. 
 In cystometrograms obtained from 
saline-treated TRPV1 KO mice, we observed 
non-voiding small amplitude oscillations 
that preceded voiding contractions ( Fig.  2C ). 
These were absent in recordings from 
saline-treated WT animals ( Fig.  2A ) and were 
refl ected in a marginally higher AUC in KO 
mice ( Fig.  3C ), although the difference did 
not reach signifi cance. The frequency of 
voiding contractions of WT and TRPV1 KO 
mice receiving saline was similar, the values 
respectively being 0.5  ± 0.1 and 0.5  ± 0.2 
 FIG.  1.  Thermal hyperalgesia of wild-type (WT) and 
transient receptor potential vanilloid 1 (TRPV1) 
knockout (KO) mice. TRPV1 KO mice treated with 
nerve growth factor (NGF;  & U25CF;) or saline (  ) 
did not present any differences on the response 
latencies during the 4 days of experiment. WT mice 
receiving saline (  ) presented similar values 
throughout the experiment, however, WT mice 
intraperitoneally injected with NGF (  ) showed a 
signifi cant decrease ( * * * P  <  0 .001) on the response 
latency, compared with TRPV1 KO mice treated 
with NGF. 
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 FIG.  2.  A – D , Representative cystometrograms of wild-type (WT) and transient receptor potential vanilloid 
1 (TRPV1) knockout (KO) mice treated with saline and nerve growth factor (NGF). The frequency in WT mice 
receiving saline ( A ) was low but signifi cantly increased after NGF treatment ( B ). In TRPV1 KO mice the 
frequency of bladder contractions was similar to that in WT mice ( C ) and was not altered by chronic NGF 
administration ( D ). In cystometrograms from TRPV1 KO mice receiving saline ( A ) it was possible to 
observed non-voiding contractions preceding urine expulsion. These contractions were slightly amplifi ed 
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per minute ( Figs  2A,C,3A ). No differences 
were found in the AUC between the two 
groups ( Fig.  3C ). Treatment with NGF 
signifi cantly increased the frequency of 
voiding contractions in WT mice to 1.2  ± 0.4 
per minute ( P  < 0.05 vs saline treatment; 
 Figs  2B,3A ). In NGF-treated KO mice, the 
frequency of voiding contractions was 0.5  ± 
0.1 per minute ( Figs  2D,3A ). The amplitude 
of voiding contractions of WT and TRPV1 KO 
mice treated with saline were 27.0  ± 5.1 
cmH 2 O and 23.4  ± 4.2 cmH 2 O, respectively 
( Fig.  3B ). Repeated NGF administration 
both in WT and TRPV1 KO mice did not 
alter the amplitude of voiding contractions, 
the values being 23.5  ± 4.8 cmH 2 O and 
22.8  ± 2.3 cmH 2 O, respectively ( Fig.  3B ). 
Prolonged NGF treatment also resulted in 
an increase of the AUC, both in WT mice 
( P  < 0.05 vs saline treatment) and KO mice 
( Fig.  3C ). 
 We also found signifi cant expression of the 
surrogate marker of noxious sensory input 
c-Fos in neuronal nuclei in L6 spinal 
sections. The number of immunoreactive 
cells was very low in control WT and TRPV1 
KO mice (13.4  ± 1.4 and 18.4  ± 4.0;  Fig.  4 ). 
Treatment with NGF signifi cantly increased 
the number of positive nuclei in WT animals 
(34.6  ± 0.5;  P  < 0.05 vs saline-treated WT 
mice;  Fig.  3 ) but not in TRPV1 KO mice (23.3 
 ± 7.3;  Fig.  4 ). 
 Expression of TrkA in the L6 segment of the 
spinal cord and respective DRG was assessed 
by immunohistochemistry. TrkA staining 
intensity was similar between WT and TRPV1 
KO mice both in the L6 spinal cord segment 
( Fig.  5A,C,E ) and DRG ( Fig.  5B,D,F ). This 
confi rmed that expression of the high-
affi nity NGF receptor TrkA was identical in 
WT and TRPV1 KO mice. 
 DISCUSSION 
 Classically, the NGF and TRPV1 systems are 
seen as key players in nociception and 
visceral sensitization under infl ammatory 
circumstances but have largely been 
regarded as parallel rather than linked 
pathways. However, a role of TRPV1 in 
bladder overactivity and noxious input 
associated with increased exposure to 
exogenous NGF was found here. In fact, 
TRPV1 KO mice, in contrast to WT mice, did 
not develop thermal hypersensitivity, 
signifi cant signs of altered bladder function 
or spinal cord c-Fos overexpression after 
prolonged administration of NGF. Of note, 
this was not the result of altered expression 
of NGF high-affi nity TrkA receptors, which 
we showed to be similarly expressed in WT 
and KO mice. Hence, NGF-induced bladder 
overactivity and increased noxious input 
depend on the interaction of NGF with 
TRPV1. This indicates that the NGF/TRPV1 
interaction, shown after acute NGF 
administration in somatic tissues  [ 12 ] , also 
stands after prolonged NGF administration 
in a visceral model of bladder overactivity 
and pain. Of note, bladder changes induced 
by repeated NGF administration were 
accompanied by the development of thermal 
hyperalgesia, a novel fact described here. 
 Previous models of TRPV1 sensitization by 
G-protein-coupled receptor agonists, such 
as those for prostaglandins and bradykinin, 
have implied phosphatidyl-inositol-4,5-
bisphosphate (PIP 2 ) degradation and protein 
kinase C activation in TRPV1 regulation 
 [ 12,15 ] . PIP 2 is a molecule that maintains 
TRPV1 under tonic inhibition. Interestingly, 
PIP 2 cleavage can be enhanced by NGF. 
Activation of TrkA receptors by NGF may 
lead to phospholipase C. Moreover, binding 
of NGF to TrkA also leads to activation of 
the phosphatidylinositol-3-kinase and 
extracellular signal-regulated kinase 1 and 2 
pathways, which further results in 
facilitation of TRPV1 activity  [ 16,17 ] . 
Whereas these are believed to be short-term 
cellular responses induced by acute 
administration to NGF, our fi ndings suggest 
that they remain operative upon prolonged 
exposure to elevated NGF concentrations. 
 TRPV1 is unlikely to mediate all NGF 
responses and, similarly, NGF may not be the 
only pathway inducing TRPV1 sensitization 
 [ 16,18,19 ] . In fact, the lipidic infl ammatory 
mediators  N -arachidonoyl-ethanolamine, 
also known as anandamide,  N -arachidonoyl-
 FIG.  3.  A , Histogram showing the mean frequency of bladder voiding contractions of wild-type (WT) and 
transient receptor potential vanilloid 1 (TRPV1) knockout (KO) mice treated with saline or nerve growth 
factor (NGF). Mice were treated with intraperitoneal injections of saline or NGF during four experimental 
days. At day 5, animals were anaesthetized for cystometry. The frequency of bladder contractions was only 
signifi cantly increased in NGF-treated WT when compared with saline-treated WT mice ( * P  <  0 .05). No 
differences were found in the TRPV1 KO mice.  B , Histogram showing the mean amplitude of bladder 
voiding contractions of WT and TRPV1 knockout mice treated with saline or NGF. The amplitude of bladder 
refl ex contractions remained unchanged in WT and TRPV1 KO mice despite the treatment.  C , Histogram 
depicting the mean area under the curve (AUC) of bladder voiding contractions of WT and TRPV1 KO mice 
treated with saline or NGF. The AUC was increased in WT mice treated with NGF, when compared with 
saline-treated WT mice ( * P  <  0 .05). No changes were observed in the AUC of TRPV1 KO mice. 
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dopamine,  N -oleoyldopamine, eicosanoid 
acids and leukotrienes may also participate 
in TRPV1 sensitization  [ 20 ] . In addition, it 
should be recalled that a decrease in the 
infl amed tissue pH is known to reduce the 
heat threshold of TRPV1 from around 43  ° C 
down to physiological temperatures  [ 21 ] . 
Future studies may be relevant to elucidate 
a possible cumulative relation between lipid 
mediators, protons and NGF in the process 
of TRPV1 activation. 
 Another mechanism of TRPV1 sensitization 
comprises down-regulation on the 
expression of inhibitory TRPV1 splice 
variants. Using the cyclophosphamide model 
of bladder infl ammation, Charrua  et  al .  [ 22 ] 
showed that the expression of the dominant 
negative splice variant TRPV1b was 
decreased in sensory afferents innervating 
the bladder. Although tempting, it cannot be 
concluded that NGF regulates TRPV1 
alternative splicing. 
 There is still some debate regarding the role 
of TRPV1 for normal micturition. In the 
present study, we observed the presence of 
non-voiding oscillations of the bladder wall 
that preceded voiding bladder contractions. 
This is in agreement with observations made 
by other investigators  [ 23 ] , who also 
reported the presence of similar non-voiding 
contractions. However, it contrasts with 
previous results from our own group  [ 1 ] . 
This is probably the result of the use of a 
less sensitive pressure detector, which was 
not used in the present study. The true 
reasons can only be speculated but may be 
ascribed to compensatory responses of the 
bladder or the nervous system to the 
congenital absence of the TRPV1 receptor. It 
is possible that the natural presence of the 
receptor may dampen those non-voiding 
contractions by modulation of bladder 
sensory afferents, urothelial cells or detrusor 
muscle fi bres  [ 23 ] . Despite the presence of 
these non-voiding contractions, bladder 
function was normal as indicated by similar 
frequency of voiding bladder contractions 
and AUC. This indicates that TRPV1 should 
be seen as a receptor essential for bladder 
dysfunction mainly related with 
infl ammation and plays a modest role in 
normal bladder function  [ 1,24 ] . 
 Our fi ndings may have profound 
implications in re-directing therapeutic 
research. There are high expectations of 
the use of agents interfering with NGF 
signalling, namely the use of tanezumab, an 
anti-NGF monoclonal antibody that prevents 
this neurotrophin from binding to its 
cognate receptor TrkA. A recent phase 2 
study in patients with interstitial cystitis/
bladder pain syndrome showed that NGF 
sequestration improved bladder pain at a 
high toll of adverse events, which included 
vertigo, paraesthesia and hyperesthesia  [ 25 ] . 
In addition, in other trials with the same 
drug several subjects developed bone 
necrosis requiring total joint replacement 
 [ 26 ] . This led the Food and Drug 
Administration to suspend the clinical trials 
involving tanezumab. In this scenario, TRPV1 
antagonists appear as a much more 
attractive therapy. These drugs effectively 
improve bladder overactivity and noxious 
input associated with bladder infl ammation 
 [ 24,27,28 ] . Nevertheless, they still present 
some drawbacks, such as the risk of 
hyperthermia and increasing the extension 
 FIG.  5.  A – D , Photomicrographs of TrkA receptor expression in L6 segment of the spinal cord and respective 
dorsal root ganglion (DRG) of wild-type (WT) and transient receptor potential vanilloid 1 (TRPV1) knockout 
(KO) mice. In the spinal cord, TrkA receptor is present in laminae I and II in both WT ( A ) and TRPV1 KO ( C ) 
mice. In the DRG, TrkA receptor is expressed by small and medium-sized neurons of WT ( B ) and TRPV1 KO 
mice ( D ). Scale bar 50  μ m. ( E ) Graph bar depicting the mean intensity of TrkA receptor in the L6 spinal cord 
and respective DRG in WT and TRPV1 KO mice. TrkA receptor intensity was similar in WT and TRPV1 KO 
mice, both in spinal cord ( E ) and DRG ( F ). 
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of ischaemic tissue after coronary 
obliteration. 
 In conclusion, our results indicate that the 
interaction between NGF and TRPV1 is 
crucial for visceral overactivity and pain 
associated with prolonged exposure to NGF. 
TRPV1 therefore serves as an important 
bottleneck for chronic infl ammatory pain, as 
well as visceral pain and lower urinary tract 
symptoms, a major reason why patients 
seek medical help. In this context, the 
development of TRPV1 antagonists assumes 
a clear therapeutic interest. 
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DĂŶǇ ďůĂĚĚĞƌ ƉĂƚŚŽůŽŐŝĞƐ͕ ƐƵĐŚ ĂƐ ƚŚĞ ŽǀĞƌĂĐƚŝǀĞ ďůĂĚĚĞƌ ƐǇŶĚƌŽŵĞ ;KͿ ĂŶĚ ŶĞƵƌŽŐĞŶŝĐ 
ĚĞƚƌƵƐŽƌ ŽǀĞƌĂĐƚŝǀŝƚǇ ;EKͿ͕ ĂƌĞ ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ Ă ƐĞƌŝĞƐ ŽĨ >hd ƐǇŵƉƚŽŵƐ ;>hd^Ϳ ƚŚĂƚ ŝŶĐůƵĚĞ 
ǀŽŝĚŝŶŐ  ĨƌĞƋƵĞŶĐǇ ĂŶĚ ƵƌŐĞŶĐǇ  ;ďƌĂŵƐ Ğƚ Ăů͕͘ ϮϬϬϮ͕ ,ĂƐŚŝŵ ĂŶĚ ďƌĂŵƐ͕ ϮϬϬϳͿ͘  /Ŷ ƉĂƚŝĞŶƚƐ 
ƐƵĨĨĞƌŝŶŐ ĨƌŽŵ ďůĂĚĚĞƌ ƉĂŝŶ ƐǇŶĚƌŽŵĞͬŝŶƚĞƌƐƚŝƚŝĂů ĐǇƐƚŝƚŝƐ ;W^ͬ/Ϳ͕ ƉĂŝŶ ŝƐ ĂůƐŽ ĂƐƐŽĐŝĂƚĞĚ ǁŝƚŚ 
ďůĂĚĚĞƌ ĨŝůŝŶŐ ;,ĂŶŶŽ Ğƚ Ăů͕͘ ϮϬϭϭͿ͘ dŚĞ ƐĞŶƐŽƌǇ ŶĂƚƵƌĞ ŽĨ ƚŚĞƐĞ >hd^ ŵĂǇ ƌĞƉƌĞƐĞŶƚ ĨƵŶĐƚŝŽŶĂů 
ĂůƚĞƌĂƚŝŽŶƐ  ŽĨ  ďůĂĚĚĞƌ  ĂĨĨĞƌĞŶƚƐ  ŵĞĚŝĂƚĞĚ  ďǇ  ŵĂŶǇ  ĨĂĐƚŽƌƐ͕  ŝŶĐůƵĚŝŶŐ  EdƐ͘  dŚĞƐĞ  ƚƌŽƉŚŝĐ 
ĨĂĐƚŽƌƐ͕ ƉĂƌƚŝĐƵůĂƌůǇ E'& ĂŶĚ E&͕ ĂƌĞ ŵĂƐƚĞƌ  ƌĞŐƵůĂƚŽƌƐ ŽĨ ŶĞƵƌŽŶĂů ƉůĂƐƚŝĐŝƚǇ͕ ďŽƚŚ  ŝŶ  ƚŚĞ 
ƉĞƌŝƉŚĞƌĂů ĂŶĚ ĐĞŶƚƌĂů ŶĞƌǀŽƵƐ ƐǇƐƚĞŵ ;WĞǌĞƚ ĂŶĚ DĐDĂŚŽŶ͕ ϮϬϬϲͿ͘  ůƚŚŽƵŐŚ ƚŚĞ ŝŵƉŽƌƚĂŶĐĞ 
ŽĨ E'& ŝŶ >hd ĚǇƐĨƵŶĐƚŝŽŶ ŝƐ ĂůƌĞĂĚǇ ƌĞĐŽŐŶŝǌĞĚ ;KĐŚŽĚŶŝĐŬǇ Ğƚ Ăů͕͘ ϮϬϭϭͿ͕ ƚŚĞ ĨŝŶĞ ŵĞĐŚĂŶŝƐŵƐ 
ŽĨ E'&‐ĚĞƉĞŶĚĞŶƚ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ ǁĞƌĞ ŶŽƚ ĐůĞĂƌ͘ /Ŷ ĂĚĚŝƚŝŽŶ͕ ƚŚĞ ƉŽƚĞŶƚŝĂů ƌŽůĞ ŽĨ E& 
ŝŶ ďůĂĚĚĞƌ ĚǇƐĨƵŶĐƚŝŽŶ ǁĂƐ ƵŶŬŶŽǁŶ Ăƚ ƚŚĞ ƚŝŵĞ ƚŚĞƐĞ ƐƚƵĚŝĞƐ ǁĞƌĞ ŝŶŝƚŝĂƚĞĚ͘  
1. BDNF role in bladder hyperactivity and referred pain during cystitis
/ƚ  ŝƐ  ǁĞůů  ŬŶŽǁŶ  ƚŚĂƚ  ĐŚƌŽŶŝĐ  ĐǇƐƚŝƚŝƐ͕  ŝŶĚƵĐĞĚ  ďǇ  ŝŶƚƌĂƉĞƌŝƚŽŶĞĂů  zW  ŝŶũĞĐƚŝŽŶ͕  ŝƐ 
ĐŚĂƌĂĐƚĞƌŝǌĞĚ ďǇ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ ĂŶĚ  ŝŶĐƌĞĂƐĞĚ ƉĂŝŶ ;>ĂŶƚĞƌŝ‐DŝŶĞƚ Ğƚ Ăů͕͘ ϭϵϵϱ͕ ŝŶŝƐ Ğƚ 
Ăů͕͘ ϮϬϬϰ͕ ƌƵǌ Ğƚ Ăů͕͘ ϮϬϬϱĂͿ͘ ǇƐƚŝƚŝƐ ŝƐ ĂĐĐŽŵƉĂŶŝĞĚ ďǇ ĂŶ ƵƉƌĞŐƵůĂƚŝŽŶ ŝŶ E'& ůĞǀĞůƐ ;>ŽǁĞ Ğƚ 
Ăů͕͘ ϭϵϵϳ͕ ũŽƌůŝŶŐ Ğƚ Ăů͕͘ ϮϬϬϭ͕ 'ƵĞƌŝŽƐ Ğƚ Ăů͕͘ ϮϬϬϲ͕ 'ƵĞƌŝŽƐ Ğƚ Ăů͕͘ ϮϬϬϴͿ ĂŶĚ ďůŽĐŬĂĚĞ ŽĨ E'& 
ĂĐƚŝŽŶ  ĞŝƚŚĞƌ  ďǇ  ƐĐĂǀĞŶŐŝŶŐ  ĂŐĞŶƚƐ  Žƌ  dƌŬ  ĂŶƚĂŐŽŶŝƐƚƐ  ĂŵĞůŝŽƌĂƚĞ  ďůĂĚĚĞƌ  ŚǇƉĞƌĂĐƚŝǀŝƚǇ  ĂŶĚ 
ƌĞĨĞƌƌĞĚ ƉĂŝŶ ;,Ƶ Ğƚ Ăů͕͘ ϮϬϬϱ͕ 'ƵĞƌŝŽƐ Ğƚ Ăů͕͘ ϮϬϬϴͿ͘ dŚĞ  ŝŶǀŽůǀĞŵĞŶƚ ŽĨ E&  ŝŶ ǀŝƐĐĞƌĂů ƉĂŝŶ 
ŚĂĚ ĂůƌĞĂĚǇ ďĞĞŶ ƐƵŐŐĞƐƚĞĚ ŝŶ ƚŚĞ ƉĂŶĐƌĞĂƐ ;ŚƵ Ğƚ Ăů͕͘ ϮϬϬϭ͕ ,ƵŐŚĞƐ Ğƚ Ăů͕͘ ϮϬϭϭͿ ďƵƚ͕ Ăƚ ƚŚĞ 
ďĞŐŝŶŶŝŶŐ ŽĨ ƚŚĞƐĞ ƐƚƵĚŝĞƐ͕ ƚŚĞ ĐŽŶƚƌŝďƵƚŝŽŶ ŽĨ E& ƚŽ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ ĂŶĚ ƉĂŝŶ ĚƵƌŝŶŐ 
ĐǇƐƚŝƚŝƐ ǁĂƐ ƵŶŬŶŽǁŶ͘ dŚŝƐ ǁĂƐ ĂĚĚƌĞƐƐĞĚ ŝŶ ƉƵďůŝĐĂƚŝŽŶƐ // ĂŶĚ ///͘  
ZĞƐƵůƚƐ  ƐŚŽǁ  ƚŚĂƚ  ŝŶƚƌĂƚŚĞĐĂů  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  ŽĨ  E&  ŝŶĚƵĐĞĚ  ĚŽƐĞ‐ĚĞƉĞŶĚĞŶƚ  ďůĂĚĚĞƌ 
ŚǇƉĞƌĂĐƚŝǀŝƚǇ  ĂŶĚ  ƌĞĨĞƌƌĞĚ  ƉĂŝŶ  ;ƉƵďůŝĐĂƚŝŽŶ  ///Ϳ͘  dŚĞƐĞ  ĞĨĨĞĐƚƐ  ĂƉƉĞĂƌĞĚ  ƋƵŝĐŬůǇ  ĂĨƚĞƌ  E& 
ŝŶũĞĐƚŝŽŶ  ĂŶĚ  ǁĞƌĞ  ƐŚŽƌƚ‐ůĂƐƚŝŶŐ͘  dŚĞ  ƌĞĂƐŽŶ  ĨŽƌ  ƚŚŝƐ ŵĂǇ  ďĞ  ĂƐĐƌŝďĞĚ  ƚŽ  ƚŚĞ  ĚŽǁŶƐƚƌĞĂŵ 
ĞǀĞŶƚƐ ŽĐĐƵƌƌŝŶŐ  ŝŶ ƐĞĐŽŶĚ ŽƌĚĞƌ ŶĞƵƌŽŶƐ͘ E& ďŝŶĚŝŶŐ ƚŽ ƐƉŝŶĂů dƌŬ ƌĞĐĞƉƚŽƌ  ŝŶ ƚŚĞ ƐƉŝŶĂů 
ĐŽƌĚ  ůĞĂĚƐ  ƚŽ  ƚŚĞ ƋƵŝĐŬ ĂĐƚŝǀĂƚŝŽŶ ŽĨ  ƚŚĞ Z< ϭ ĂŶĚ Ϯ ƐŝŐŶĂůŝŶŐ ƉĂƚŚǁĂǇ  ;>ĞǀĞƌ Ğƚ Ăů͕͘ ϮϬϬϯď͕ 
^ůĂĐŬ Ğƚ Ăů͕͘ ϮϬϬϰ͕ ^ůĂĐŬ Ğƚ Ăů͕͘ ϮϬϬϱͿ͕ ĂƐ ŝƚ ŚĂĚ ĂůƌĞĂĚǇ ďĞĞŶ ŽďƐĞƌǀĞĚ ƵƐŝŶŐ ƚŚĞ ƐĂŵĞ ŵŽĚĞů ŽĨ 
ĐǇƐƚŝƚŝƐ  ;ƌƵǌ  Ğƚ  Ăů͕͘  ϮϬϬϱĂͿ͘  >ŝŬĞ  E&‐ŝŶĚƵĐĞĚ  ďůĂĚĚĞƌ  ŚǇƉĞƌĂĐƚŝǀŝƚǇ  ĂŶĚ  ƉĂŝŶ͕  ƐƉŝŶĂů  Z< 
ĂĐƚŝǀĂƚŝŽŶ ŝŶĚƵĐĞĚ ďǇ ďůĂĚĚĞƌ ƐƚŝŵƵůĂƚŝŽŶ ŝƐ ĂůƐŽ Ă ďƌŝĞĨ ĞǀĞŶƚ ;ƌƵǌ Ğƚ Ăů͕͘ ϮϬϬϱĂͿ͕ ƉŽƐƐŝďůǇ ĚƵĞ 
ƚŽ ƚŚĞ ĂĐƚŝǀĂƚŝŽŶ ŽĨ ƐƉĞĐŝĨŝĐ ƉŚŽƐƉŚĂƚĂƐĞƐ ƚŚĂƚ ŵŽĚƵůĂƚĞ ƚŚĞ Z< ƉĂƚŚǁĂǇ ;DƵĚĂ Ğƚ Ăů͕͘ ϭϵϵϲ͕ 
ĂƵŶƚ  ĂŶĚ  <ĞǇƐĞ͕  ϮϬϭϯͿ  Žƌ  ƚŚĞ  ƋƵŝĐŬ  ĚĞŐƌĂĚĂƚŝŽŶ  ŽĨ  E&  ŝŶ  ƚŚĞ  ƐǇŶĂƉƚŝĐ  ĐůĞĨƚ  ďǇ ŵĂƚƌŝǆ 
ƉƌŽƚĞĂƐĞƐ ;WĞǌĞƚ Ğƚ Ăů͕͘ ϮϬϬϮĐͿ͘ 
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϮϳ
Chronic  administration  of  BDNF  to  intact  animals  resulted  in  allodynia  in  the  lower 
abdomen  and  hindpaw  (publication  III),  reflecting  the  occurrence  of  central  sensitization,  a 
mechanism associated with somatic and visceral pain (Miranda et al., 2007, Latremoliere and 
Woolf, 2009), known to depend on BDNF (Obata and Noguchi, 2006, Ren and Dubner, 2007, Li 
et al., 2008, Merighi et al., 2008). The role of BDNF in chronic visceral pain may be related with 
ERK‐dependent  changes  in  spinal  gene  expression.  Upon  activation  by  BDNF,  ERK  can 
translocate to the cell nucleus and induce the expression of pronociceptive genes such as the 
tachykinin  receptor  NK1  and  prodynorphin  (Ji  et  al.,  2002b).  In  addition,  ERK  may  also 
phosphorylate specific NMDA subunits (Slack and Thompson, 2002, Slack et al., 2004, Slack et 
al.,  2005)  and  the  Kv4.2  potassium  channel  (Hu  et  al.,  2006, Hu  and Gereau,  2011),  further 
facilitating  pain  processing  and  bladder  hyperactivity  (Cruz  et  al.,  2005a)  at  the  spinal  cord 
level.  
In  what  concerns  bladder  function,  chronic  BDNF  treatment  in  intact  animals  did  not 
change bladder  reflex activity  (publication  III). This was an unexpected  finding  since  chronic 
treatment with  BDNF  lead  to  allodynia.  A  possible  explanation may  reside  in  the  fact  that 
exogenous BDNF can facilitate the release of GABA through activation of TrkB receptor in the 
dorsal horn (Pezet et al., 2002a, Lever et al., 2003a). The enhancement of the spinal GABAergic 
system may  lead  to  the  inhibition of bladder sensory  input  transmission,  thereby preventing 
the  development  of  bladder  hyperactivity.  In  addition,  it  should  be  remembered  that  rats 
receiving chronic BDNF did not present bladder  inflammation. This may  indicate that bladder 
hyperactivity requires a peripheral inflammatory insult.  
Given the effects of BDNF on bladder function and cutaneous sensitivity of intact animals, 
the  role of BDNF  in  rats with CYP‐induced  cystitis was  investigated. BDNF was upregulated 
both in the spinal cord and urinary bladder of inflamed rats. This was accompanied by bladder 
hyperactivity  and  obvious  behavioral  signs  of  pain  (publications  II  and  III),  together  with 
prominent expression of c‐Fos and phosphorylated ERK, established spinal neuronal markers 
of noxious input (Coggeshall, 2005, Ji et al., 2009). Peripheral and central BDNF sequestration 
effectively improved bladder function and pain levels, further implying this NT in visceral pain 
and dysfunction. As following BDNF administration, the activation of the ERK pathway is also a 
key feature here as BDNF sequestration was accompanied by a down regulation in the number 
of spinal phosphoERK positive cells (publications II and III).  
In both studies, the same BDNF scavenger, the recombinant protein TrkB‐Ig2, was used. The 
amount necessary to reduce pain and bladder dysfunction was much smaller when given via 
intrathecal  injection  (publication  III).  In  addition,  neither  intrathecal  nor  intravenous  BDNF 
sequestration  reduced  inflammation  suggesting  that  BDNF  does  not  play  a  role  in  the 
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ŝŶĨůĂŵŵĂƚŽƌǇ ĐŽŵƉŽŶĞŶƚ ŽĨ ĐǇƐƚŝƚŝƐ͘ dŚŝƐ ƐƚƌŽŶŐůǇ ƐƵŐŐĞƐƚƐ  ƚŚĂƚ E& ĐŽŶƚƌŝďƵƚĞƐ  ƚŽ ǀŝƐĐĞƌĂů 
ƉĂŝŶ ĂŶĚ ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ Ăƚ  ƚŚĞ ĐĞŶƚƌĂů ŶĞƌǀŽƵƐ ƐǇƐƚĞŵ  ;WĞǌĞƚ Ğƚ Ăů͕͘ ϮϬϬϮĐ͕ WĞǌĞƚ ĂŶĚ 
DĐDĂŚŽŶ͕ ϮϬϬϲͿ͕  ŝŶ ĐŽŶƚƌĂƐƚ ǁŝƚŚ  ƚŚĞ ĞƐƚĂďůŝƐŚĞĚ ƉĞƌŝƉŚĞƌĂů ƌŽůĞ ŽĨ E'&  ;KĐŚŽĚŶŝĐŬǇ Ğƚ Ăů͕͘ 
ϮϬϭϭ͕ KĐŚŽĚŶŝĐŬǇ Ğƚ Ăů͕͘ ϮϬϭϮ͕ ƌƵǌ͕ ϮϬϭϯͿ͘ 
2. BDNF role in the emergence and maintenance of Neurogenic
Detrusor Overactivity (NDO)
^ƉŝŶĂů ĐŽƌĚ ŝŶũƵƌǇ ŝŶĚƵĐĞƐ ƉƌŽĨŽƵŶĚ ĐŚĂŶŐĞƐ ŝŶ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ ĂŶĚ ŐĞŶĞƌĂƚĞƐ EK͕ ƚŚĂƚ 
ƚǇƉŝĐĂůůǇ  ůĞĂĚƐ  ƚŽ  ƵƌŝŶĂƌǇ  ŝŶĐŽŶƚŝŶĞŶĐĞ  ;ƌƵǌ  ĂŶĚ  ƌƵǌ͕  ϮϬϭϭͿ͘  dŚĞ  ĞƐƚĂďůŝƐŚŵĞŶƚ  ŽĨ EK  ŝƐ 
ŵĂŝŶůǇ  ĂƚƚƌŝďƵƚĂďůĞ  ƚŽ  ƚŚĞ  ƌĞŽƌŐĂŶŝǌĂƚŝŽŶ  ŽĨ  ƚŚĞ  ŶĞƵƌĂů  ƉĂƚŚǁĂǇƐ  ƌĞŐƵůĂƚŝŶŐ  ďůĂĚĚĞƌ  ĂŶĚ 
ƵƌĞƚŚƌĂů ƐƉŚŝŶĐƚĞƌ ĨƵŶĐƚŝŽŶ ůĞĂĚŝŶŐ ƚŽ ƚŚĞ ƌĞĂƉƉĞĂƌĂŶĐĞ ŽĨ ƉĞƌŝŶĞĂů‐ƚŽ‐ďůĂĚĚĞƌ ĂŶĚ ďůĂĚĚĞƌʹƚŽ‐
ďůĂĚĚĞƌ  ƌĞĨůĞǆĞƐ  ;ĚĞ 'ƌŽĂƚ ĂŶĚ zŽƐŚŝŵƵƌĂ͕ ϮϬϬϲͿ͘  /ƚ  ŝƐ ĂƐƐƵŵĞĚ  ƚŚĂƚ EdƐ ĂƌĞ  ŝŶǀŽůǀĞĚ  ŝŶ  ƚŚŝƐ 
ƌĞĂƌƌĂŶŐĞŵĞŶƚ  ŽĨ  ůƵŵďŽƐĂĐƌĂů  ƐƉŝŶĂů  ĐŝƌĐƵŝƚƐ͘  ;sŝǌǌĂƌĚ͕  ϮϬϬϲͿ͘  tŚĞƌĞĂƐ  ŝƚ  ŝƐ  ŬŶŽǁŶ  ƚŚĂƚ 
ŝŵŵƵŶŽŶĞƵƚƌĂůŝǌĂƚŝŽŶ ŽĨ E'& ƌĞĚƵĐĞƐ EK ĂŶĚ ĚĞƚƌƵƐŽƌ‐ƐƉŚŝŶĐƚĞƌ‐ĚǇƐƐǇŶĞƌŐŝĂ ;^Ϳ ;^ĞŬŝ Ğƚ 
Ăů͕͘ ϮϬϬϮ͕ ^ĞŬŝ Ğƚ Ăů͕͘ ϮϬϬϰͿ͕ ŶŽ ĚĂƚĂ ǁĂƐ ĂǀĂŝůĂďůĞ ĐŽŶĐĞƌŶŝŶŐ ƚŚĞ ƌŽůĞ ŽĨ E& ŝŶ EK͕ ĚĞƐƉŝƚĞ 
ƚŚĞ ĚĞŵŽŶƐƚƌĂƚŝŽŶ  ƚŚĂƚ E&  ŝƐ  ŝŶǀŽůǀĞĚ  ŝŶ  ƌĞŐĞŶĞƌĂƚŝŽŶ ŽĨ ŶĞƵƌŽŶĂů  ƚƌĂĐƚƐ  ĨŽůůŽǁŝŶŐ  ƐƉŝŶĂů 
ĐŽƌĚ ƚƌĂƵŵĂ ;EĂŵŝŬŝ Ğƚ Ăů͕͘ ϮϬϬϬ͕ sĂǀƌĞŬ Ğƚ Ăů͕͘ ϮϬϬϳͿ͘ dŚƵƐ͕ ĨŽůůŽǁŝŶŐ ŽƵƌ ĚĞŵŽŶƐƚƌĂƚŝŽŶ ƚŚĂƚ 
E& ƉĂƌƚŝĐŝƉĂƚĞƐ  ŝŶ  ŝŶĨůĂŵŵĂƚŝŽŶ‐ŝŶĚƵĐĞĚ  ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ͕ ǁĞ  ŝŶǀĞƐƚŝŐĂƚĞĚ  ŝĨ  ƚŚŝƐ Ed 
ǁĂƐ ĂůƐŽ ŝŵƉŽƌƚĂŶƚ ĨŽƌ EK͘  
^/ ƐƚƌŽŶŐůǇ ŝŵƉĂŝƌĞĚ ďůĂĚĚĞƌ ĨƵŶĐƚŝŽŶ Ăƚ ŽŶĞ ǁĞĞŬ ĂĨƚĞƌ ^/͕ ǁŝƚŚ ĂŶŝŵĂůƐ ƐŚŽǁŝŶŐ ƐŝŐŶƐ ŽĨ 
ƐƉŝŶĂů  ƐŚŽĐŬ͕  ĐŚĂƌĂĐƚĞƌŝǌĞĚ  ďǇ  ďůĂĚĚĞƌ  ĂƌĞĨůĞǆŝĂ  ĂŶĚ  ƵƌŝŶĂƌǇ  ƌĞƚĞŶƚŝŽŶ  ;ƉƵďůŝĐĂƚŝŽŶ  /sͿ͘  ůů 
ĂŶŝŵĂůƐ ŚĂĚ  ƚŽ ďĞ  ƐƵďŵŝƚƚĞĚ  ƚŽ ĚĂŝůǇ  ĂďĚŽŵŝŶĂů  ĐŽŵƉƌĞƐƐŝŽŶ  ƚŽ  ƌĞŵŽǀĞ ƵƌŝŶĞ͘  &ŽƵƌ ǁĞĞŬƐ 
ůĂƚĞƌ͕ Ăůů ĂŶŝŵĂůƐ ƉƌĞƐĞŶƚĞĚ EK͕ ǁŝƚŚ Ă ŵĂƌŬĞĚ  ŝŶĐƌĞĂƐĞ  ŝŶ  ƚŚĞ  ĨƌĞƋƵĞŶĐǇ ĂŶĚ ĂŵƉůŝƚƵĚĞ ŽĨ 
ďůĂĚĚĞƌ  ĐŽŶƚƌĂĐƚŝŽŶƐ  ĂƐ  ǁĞůů  ĂƐ  ŽĨ  ƚŚĞ  ŝŶƚƌĂǀĞƐŝĐĂů  ƉƌĞƐƐƵƌĞ  ;ƉƵďůŝĐĂƚŝŽŶ  /sͿ͘  dŚŝƐ  ǁĂƐ 
ĂĐĐŽŵƉĂŶŝĞĚ ďǇ Ă ƚŝŵĞ‐ĚĞƉĞŶĚĞŶƚ ƐƉƌŽƵƚŝŶŐ ŽĨ ƐĞŶƐŽƌǇ ĂĨĨĞƌĞŶƚƐ ĂŶĚ ŝŶĐƌĞĂƐĞ ŝŶ ƐƉŝŶĂů E&͘ 
WŽƚĞŶƚŝĂů ƐŽƵƌĐĞƐ ŽĨ ƐƉŝŶĂů E& ŝŶĐůƵĚĞ ƐƉŝŶĂů ŝŶƚĞƌŶĞƵƌŽŶƐ ;DŝĐŚĂĞů Ğƚ Ăů͕͘ ϭϵϵϳͿ͕ ĂƐƚƌŽĐǇƚĞƐ 
ĂŶĚ ŵŝĐƌŽŐůŝĂ ;ŽƵůů Ğƚ Ăů͕͘ ϮϬϬϱ͕ WŝŶĞĂƵ ĂŶĚ >ĂĐƌŽŝǆ͕ ϮϬϬϳͿ͘ ůĂĚĚĞƌ ƐĞŶƐŽƌǇ ĂĨĨĞƌĞŶƚƐ ĂƌĞ ĂůƐŽ 
ƉŽƚĞŶƚŝĂů  ƐŽƵƌĐĞƐ  ŽĨ E&  ĂƐ  ƚŚŝƐ Ed  ŝƐ  ƉƌŽĚƵĐĞĚ  ŝŶ  ƚŚĞ  ďůĂĚĚĞƌ  ;>ŽŵŵĂƚǌƐĐŚ  Ğƚ  Ăů͕͘  ϭϵϵϵ͕ 
>ŽŵŵĂƚǌƐĐŚ Ğƚ Ăů͕͘ ϮϬϬϱ͕ WŝŶƚŽ Ğƚ Ăů͕͘ ϮϬϭϬĂͿ ĂŶĚ ƵƉƌĞŐƵůĂƚĞĚ ĨŽůůŽǁŝŶŐ ^/ ;sŝǌǌĂƌĚ͕ ϮϬϬϬͿ͘ /ƚ ŝƐ 
ƉůĂƵƐŝďůĞ ƚŚĂƚ E&  ŝƐ ƵƉƚĂŬĞŶ  ŝŶ ƚŚĞ ďůĂĚĚĞƌ ĂŶĚ ƌĞƚƌŽŐƌĂĚĞůǇ ƚƌĂŶƐƉŽƌƚĞĚ ƚŽ ďĞ ƌĞůĞĂƐĞĚ Ăƚ 
ƚŚĞ ƐƉŝŶĂů ĐŽƌĚ ;ŚŽƵ ĂŶĚ ZƵƐŚ͕ ϭϵϵϲ͕ DŝĐŚĂĞů Ğƚ Ăů͕͘ ϭϵϵϳͿ͘  
dŚĞŝŵƉŽƌƚĂŶĐĞŽĨƚŚĞŶĞƵƌƚƌŽƉŚŝŶƐE'&ĂŶĚE&ŝŶďůĂĚĚĞƌĚǇƐĨƵŶĐƚŝŽŶ
ϭϮϵ
The  increase  in  BDNF  levels  and  the  emergence  of  NDO  suggested  a  causal  relation 
between the two. To clarify this, SCI rats were submitted to BDNF sequestration by TrkB‐Ig2. 
Treatment was  initiated  immediately  after  lesion.  Surprisingly,  BDNF  scavenging  resulted  in 
earlier NDO emergence and axonal sprouting of CGRP‐positive sensory afferents at the L5‐L6 
spinal  cord  segment.  This  suggests  that  BDNF  may  have  a  protective  role  by  delaying  the 
emergence  of  NDO  during  the  course  of  disease.  It  is  possible  that,  following  SCI,  the 
upregulation of spinal BDNF may serve to modulate axonal sprouting that occurs as a response 
to  the high  levels of NGF. Following SCI and during  the establishing of NDO, NGF  levels are 
upregulated  (Seki  et  al.,  2002)  and  produce  a  growth‐promoting  effect  on  CGRP‐positive 
sensory afferents (Krenz and Weaver, 1998, Weaver et al., 2001, Cameron et al., 2006). BDNF 
seems  to  exert  an  inhibitory  effect  on NGF‐induced  growth  of  sensory  neurons,  as  already 
demonstrated by other  investigators  (Kimpinski et al., 1997, Gavazzi et al., 1999, Soril et al., 
2008).  
To  confirm  the  protective  effects  of  BDNF  on  bladder  function  in  SCI  rats,  BDNF  was 
administered  to  these  animals  for  four  weeks.  Treatment  was  initiated  immediately  after 
lesion.  Improvement  of  bladder  reflex  activity,  restricted  to  a  reduction  in  the  intravesical 
pressure, was only  found  four weeks after  the beginning of  treatment with  the  lowest dose 
(publication  IV). This suggests  that BDNF  is not  the only  factor  involved  in NDO establishing. 
The  protective  effects  of  BDNF  may  be  related  with  changes  in  gamma‐aminobutyric  acid 
(GABA)‐dependent neurotransmission at the spinal cord level. This inhibitory neurotransmitter 
is an  important depressor of bladder  function  (Igawa et al., 1993, Miyazato et al., 2003).  In 
fact,  the expression of glutamic acid decarboxylase  (GAD),  the enzyme responsible  for GABA 
synthesis, is reduced in the spinal cord and lumbosacral dorsal root ganglia in SCI‐animals with 
bladder dysfunction  (Miyazato et al., 2008a, b). Both NDO and DSD were  reduced  following 
intrathecal injection of GABAA or GABAB receptor agonists and transgenic upregulation of GAD 
activity  (Miyazato et al., 2008a, b, Miyazato et al., 2009), further stressing the  importance of 
GABA  in modulation of bladder  function. As  the  release of GABA at  the  spinal  cord may be 
induced and potentiated by BDNF  (Pezet et al., 2002a, Bardoni et al., 2007, Carrasco et al., 
2007),  it  is  likely  that  chronic  administration  of  this  NT  may  have  modulated  the  spinal 
GABAergic system.  
Results obtained show that BDNF sequestration in animals with established NDO resulted 
in  improvement of bladder function, with a clear decrease  in the frequency and amplitude of 
bladder reflex contractions. Because spinal ERK activation is very high in rats with established 
NDO  and  its  inhibition  immediately  depresses  bladder  reflex  activity  (Cruz  et  al.,  2006), 
similarly to what was observed  in the present study,  it  is very  likely that the acute beneficial 
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ĞĨĨĞĐƚƐ  ŽĨ  E&  ƐĞƋƵĞƐƚƌĂƚŝŽŶ  ĐŽƵůĚ  ďĞ  ĂƐĐƌŝďĞĚ  ƚŽ  ƚŚĞ  ƐǁŝĨƚ  ŝŶĂĐƚŝǀĂƚŝŽŶ  ŽĨ  ƚŚĂƚ  ƐŝŐŶĂůŝŶŐ 
ƉĂƚŚǁĂǇ͘  
KǀĞƌĂůů͕  ƐŝŵŝůĂƌ  ƌĞƐƵůƚƐ ŚĂǀĞ ďĞĞŶ ĚĞƐĐƌŝďĞĚ  ŝŶ Ă ŵŽĚĞů ŽĨ ĚŽƌƐĂů  ƌŽŽƚ  ŝŶũƵƌǇ͕ ǁŝƚŚ E& 
ƐĞƋƵĞƐƚƌĂƚŝŽŶ ƉƌŽĚƵĐŝŶŐ ŽƉƉŽƐŝƚĞ ĞĨĨĞĐƚƐ ĚĞƉĞŶĚŝŶŐ ŽŶ ǁŚĞƚŚĞƌ  ŝƚ ǁĂƐ  ŝŶŝƚŝĂƚĞĚ  ŝŵŵĞĚŝĂƚĞůǇ 
ĂĨƚĞƌ  ůĞƐŝŽŶ  Žƌ  ĂĨƚĞƌ  ƚŚĞ  ƐĞŶƐŽƌǇ  ĚǇƐĨƵŶĐƚŝŽŶ ǁĂƐ  ĂůƌĞĂĚǇ  ĞƐƚĂďůŝƐŚĞĚ  ;ZĂŵĞƌ  Ğƚ  Ăů͕͘  ϮϬϬϳ͕ 
ZĂŵĞƌ͕ ϮϬϭϮͿ͘ dŚĞƐĞ ƌĞƐƵůƚƐ ŽďƚĂŝŶĞĚ ŝŶ ƚŚĞ ƉƌĞƐĞŶƚ ƐƚƵĚǇ ĨƵƌƚŚĞƌ ĐŽŶĨŝƌŵ Ă ĚƵĂů ƌŽůĞ ĨŽƌ E& 
ĚƵƌŝŶŐ ƚŚĞ ĚŝƐĞĂƐĞ ƉƌŽŐƌĞƐƐŝŽŶ͘ 
3. Transient  receptor  potential  vanilloid  (TRPV1)  ‐  a  downstream
target of NGF
dŚĞ ůĂƐƚ ƐƚƵĚǇ ŝŶĐůƵĚĞĚ ŝŶ ƚŚŝƐ ƚŚĞƐŝƐ ĂĚĚƌĞƐƐĞĚ ƚŚĞ ĚŽǁŶƐƚƌĞĂŵ ƚĂƌŐĞƚƐ ŽĨ EdƐ͕ ĨŽĐƵƐŝŶŐ ŽŶ 
E'&͘  ŵĂŝŶ ĐŽŶĐůƵƐŝŽŶ ŝƐ ƚŚĞ ĞƐƚĂďůŝƐŚŵĞŶƚ ŽĨ ƚŚĞ ĞƐƐĞŶƚŝĂů ůŝŶŬ ďĞƚǁĞĞŶ ƚŚĞ E'& ĂŶĚ dZWsϭ 
ƐǇƐƚĞŵƐ  ŝŶ  ƚŚĞ ĐŽŶƚĞǆƚ ŽĨ ǀŝƐĐĞƌĂů ƉĂŝŶ ĂŶĚ ĚǇƐĨƵŶĐƚŝŽŶ͘  /Ŷ  ƚŚŝƐ ƐƚƵĚǇ͕ td ŵŝĐĞ ƐƵďŵŝƚƚĞĚ  ƚŽ 
ĐŚƌŽŶŝĐ ƐǇƐƚĞŵŝĐ ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ ŽĨ E'& ƉƌĞƐĞŶƚĞĚ ĂŶ ŝŶĐƌĞĂƐĞ ŝŶ ƚŚĞ ĨƌĞƋƵĞŶĐǇ ĂŶĚ ĂŵƉůŝƚƵĚĞ 
ŽĨ  ǀŽŝĚŝŶŐ  ďůĂĚĚĞƌ  ĐŽŶƚƌĂĐƚŝŽŶƐ͕  ĂĐĐŽŵƉĂŶŝĞĚ  ďǇ  ĂŶ  ŝŶĐƌĞĂƐĞ  ŽĨ  Đ‐&ŽƐ  ĞǆƉƌĞƐƐŝŽŶ  ĂŶĚ  ƚŚĞ 
ĚĞǀĞůŽƉŵĞŶƚ ŽĨ  ƚŚĞƌŵĂů  ŚǇƉĞƌĂůŐĞƐŝĂ  ŝŶ  ƚŚĞ ŚŝŶĚƉĂǁƐ͘  /Ŷ  ĐŽŶƚƌĂƐƚ͕  dZWsϭ  <K ŵŝĐĞ ĚŝĚ ŶŽƚ 
ƌĞƐƉŽŶĚ  ƚŽ  E'&  ƚƌĞĂƚŵĞŶƚ  ĂŶĚ  ĐƵƚĂŶĞŽƵƐ  ƐĞŶƐŝƚŝǀŝƚǇ  ĂŶĚ  ďůĂĚĚĞƌ  ĨƵŶĐƚŝŽŶ  ƌĞŵĂŝŶĞĚ 
ƵŶĐŚĂŶŐĞĚ͘ dŚĞƐĞ ƌĞƐƵůƚƐ ĚĞŵŽŶƐƚƌĂƚĞ ƚŚĂƚ ƚŚĞ ŝŶƚĞƌƉůĂǇ ďĞƚǁĞĞŶ E'& ĂŶĚ dZWsϭ ŝƐ ĞƐƐĞŶƚŝĂů 
ĨŽƌ E'&‐ŝŶĚƵĐĞĚ  ďůĂĚĚĞƌ  ŚǇƉĞƌĂĐƚŝǀŝƚǇ  ĂŶĚ  ŶŽǆŝŽƵƐ  ŝŶƉƵƚ  ;ƉƵďůŝĐĂƚŝŽŶ  sͿ͘  &ƵƌƚŚĞƌŵŽƌĞ͕  ƚŚĞ 
E'&ͬdZWsϭ  ŝŶƚĞƌĂĐƚŝŽŶ͕  ĚĞŵŽŶƐƚƌĂƚĞĚ  ƚŚĂƚ  ĨŽůůŽǁŝŶŐ  ĂĐƵƚĞ  E'&  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  ŝŶ  ƐŽŵĂƚŝĐ 
ƚŝƐƐƵĞƐ  ;ŚƵĂŶŐ  Ğƚ  Ăů͕͘  ϮϬϬϭͿ͕  ĂůƐŽ  ƐƚĂŶĚƐ  ĂĨƚĞƌ  ĐŚƌŽŶŝĐ  E'&  ĂĚŵŝŶŝƐƚƌĂƚŝŽŶ  ŝŶ  Ă ŵŽĚĞů  ŽĨ 
ďůĂĚĚĞƌ ŚǇƉĞƌĂĐƚŝǀŝƚǇ ĂŶĚ ǀŝƐĐĞƌĂů ƉĂŝŶ ;ƉƵďůŝĐĂƚŝŽŶ sͿ͘  
In vitro ĂƐƐĂǇƐ ŚĂǀĞ ƐŚŽǁŶ ƚŚĂƚ E'&  ŝƐ ĂďůĞ ƚŽ ƌĞŐƵůĂƚĞ dZWsϭ ĞǆƉƌĞƐƐŝŽŶ ĂŶĚ ĂĐƚŝǀŝƚǇ ďǇ 
ďŝŶĚŝŶŐ  ƚŽ  ŝƚƐ  ŚŝŐŚ‐ĂĨĨŝŶŝƚǇ  ƌĞĐĞƉƚŽƌ͕  ǁŚŝĐŚ  ŝŶĚƵĐĞƐ  ĚŽǁŶƐƚƌĞĂŵ  ĂĐƚŝǀĂƚŝŽŶ  ŽĨ  ƐŝŐŶĂůŝŶŐ 
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